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ABSTRACT

Par'metric data of heat exchanger size and weight for nuclear reactor

Brayton cycle space power systems in the 160 kwe range are presented.

Optimized (i.e., minimum weight) designs of HXDA's (heat exchanger and duct

assemblies) are developed over a wide range of Brayton cycle operating condi-
tions with particular emphasis on those assoc'ated with the SNAP-8 reactor
capabilities.
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SECTION I

INTRODUCTION

As part of their advanced space power systems studies_ NASA is investigating

the performance characteristics of advanced closed loop Brayton cycle electric
power generating systems employing liquid-metal-cooled reactors. The heat

exchangers associated with this type of power conversion system are the waste

, heat exchanger_ the heat source heat exchanger_ and the recuperator. These

three heat exchangers and their associated interconnecting ductlng define the

heat exchanger and duct assembly (HXDA). The HXDA constitutes a large fraction

of the Brayton cycle power conversion system weight and volume. The weight

and volume of the HXDA is highly dependent on the selected cycle operating and

design parameters. The definition of the set of design parameters which yields

the minimum overall system weight requires extensive studies on the component
and systems level.

To aid in the development of advanced Brayton cycle space power systems_

NASA formulated a study to define the associated HXDA heat exchangers and

suitable overall packaging configurations. Thls study was organized in three
phases:

Phase I - Parametric Optimization Studies

Phase II - Pressure Containment Tests

Phase lit - PreIiminary Designs

The Phase I effort was concerned with the selection of basic types of

heat transfer surfaces for each of the three system heat exchangers and the

development of optimum (i.e., minimum weight) HXDA designs and configurations

over a wide range of cycle operating conditions and design variables. The
Phase II effort involved the structural testing of plate-fin heat transfer

surfaces at the elevated temperatures and pressures associated with advanced

Brayton cycle systems. The Phase Ill effort is directed to the preparation of

two HXDA preliminary designs. The system parameters for these two designs
are to be defined by NASA after the review of Phase I and II results and their

in-house system studies. A topical report will be issued on each phase of the
program as completed. Thls report presents the results of the Phase I effort
performed during the period from November 1969 to August 1970.

The Phase I effort was divided into three work tasks:

Task I - Preliminary Investigations

Task 2 - Design of 24 Brayton Cycle HXDA's
k

Task 3 - Design of 4 Brayton Cycle HXl)A's

)

i i
, p
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A matrix of Brayton cycle operating conditions and design varidbles was
established for the Task I and 2 efforts. This matrix included combinations

of two Xe-He gas mixture molecular weights_ two recuperator effectivenesses_

three system pressure loss ratios_ and a high and low operating pressure level.
This resulted in 24 distinct system design points. The high-pressure systems

w_re associated with a 36_O00-rpm turbine-alternator-_ompressor (TAC) design_

and the low-pressure systems with a 24_O00-rpm TAC design. NASA provided the

operating state points for each of the 24 design conditions. Initially the

design points were exclusively concerned with systems _,hich employed a high
liquid temperature llthium-cooled reactor coupled to tl_eBrayton cycle power

I

conversion equipment through a heat source heat exchanger. The Task I studies

are summarized in Section 3 of this report.

At the completion of Task I_ the program was reoriented to consider the

design of HXDA's appropriate for application to the zirconium hydride reactor

ISNAP-8) temperatures and its associated NaK coolant. Thus the Task 2 studies
included a large number of systems considered to be appropriate to the SNAP-8

reactor. However_ some effort was continued in Task 2 on the development of

HXDA designs for a small number of systems employing the higher temperature

level (i.e._ 1740°F) associated with an advanced reactor design. The results

of the Task 2 HXDA o_timization analysis for the 24 Brayton cycle operating

conditions are given in Section 4 of this report.

Based on the work performed in Tasks I and 2_ NASA defined four Brayton

cycle operating conditions for the Task 3 HXDA design and optimization studies.
These four design cases consisted of two SNAP-8 design variations and two

advanced systems. The two SNAP-8 systems differed in power level (one being

designed for 160 kwe and the other for 80 kwe)and in design temperature capa-

bility. The 160 kwe SNAP-8 HXDA was designed to have a capability for opera-

tiop at 1600°F while the 80 kw design is directed at the lower SNAP-8e

temperature (lI50°F). The two advanced systems were both designed for 160 kWe_ =

but one was d_signed for a turbine !nlet temperature of IbOO°F_ and the other
for a turbine inlet temperature of 2100°F. Thus_ the HXDA designs develcped

" for these systems represent an increasing level of reactor temperature capa-
bility_ starting with the current SNAP-8. The results of these studies are
presented in Section 5 of this report.
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SECTION 2

SUMMARY

This topical report summarizes the Phase I work performed by AiResearch

on NASA Contract NAS3-13453 entitled "Conceptual Design Study of Nuclear

Brayton-Cycle Heat Exchanger and Duct Assembly (HXDA)." The major elements
of the closed loop Brayton cycle power conversion package are the TAC (Turbo-

, Alternator-Compressor)_ recuperator_ waste heat exchanger_ and he:_ source

heat exchanger and the interconnecting ducting. This study was concerned with

the three system heat exchangers and the interconnecting ducting which together
constitute the HXDA.

The study centered around defining optimum heat exchanger designs_ system

operating parameters, and overall equipment configurations for a closed loop
Brayton cycle space power conversion system_ operating in the power range of

80 to 160 kwe and coupled to a liquid metal cooled reactor. NASA defined a
set of HXDA design requirements that cover a wide range of Brayton cycle

operating and system design variables. These design points were used to

deve]op optimized HXDA designs which will be evaluated hy NASA o,, a systems

level. The design matrix as originally conceived_ and applicable to Task I

of this study_ is shown in Figure 2-I.

The Phase I studies were organized around three work tasks as follows:

Task I - Preliminary Investigations

Task 2 - Design of 24 Brayton Cycle HXDA's

Task 3 - Design of 4 Brayton Cycle HXDA's

Th. following paragraphs summarize the work performed in each task.

' TASK I - PRELIMINARY INVESTIGATIONS

The objective Lf the Task I studies was to identify t_e most appropriate

design approaches for the three system heat exchangers over the range of design
variables defined in Figure 2-l. The design approach included the determina-
tion of heat exchanger m_terials_ types of heat transfer surfaces_ and heat
exchanger flow configurations whi:h yield minimum weight heat exchanger designs,

For this study four design cases evere selected from the matrix shown in
Figure 2-1. These cases were IV_ IXj IVA_ and IXA. These cases represented
the systems which were the largest and smallest for each of the two working
fluids. For exarnple_ the smallest system would have the highesc pressure
level_ lowest recuperator effectiveness_ and highest pressure drop allocation.
Heat exchanger designs were de,,eloped for several types of heat exchangers for
each of the four design ca. es. For the system recuperators_ both plate-fin
and tubular types were evaluated as well as combined tubular plate-fin con-
figurations. Both plate-fin and tubular waste heat exch=nger designs wore

Z
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evaluated for each of the four design points. For the HSHX designs only the

tubular type was considered due to the lithium containment problem. However_

various finned and plain tubular geometries were considered. Materials were

identified for each heat exchanger design. Based on minimum heat exchanger

weight_ an overall design approach was identified for each of the system heat
exchangers.

A graphical method was developed to determine the allocation of pressure

drop among the three heat exchangers yielding minimum total heat exchanger

weight. Various arrangements of the heat exchanger and the TAC were investi-
gated to identify a reasonable packaging configuration for the HXDA.

Based on these studies_ AiResearch made recommendations for a set of

ground rules for the Task 2 studies. These recommendations are summarized in
Table 2-I.

TASK 2 - DESIGN OF 24 BRAYTON CYCLE HXDA'S

At the initiation of the Task 2 studies_ the program was reoriented to

consider designs of HXDAts appropriate for application to the SNAP-8 reactor

temperature levels. Consequently the 24 design conditions were redefined and

are shown in Figure 2-2. The new study matrix retains nine of the original
24 cases (Figure 2-I) and substitutes 15 SNAP-8 cases for the remainder. In

addition_ for the SNAP-8 systems_ the heat source heat exchanger is close-

coupled to the recuperator/waste heat exchanger package_ and the heat rejec-
tion fluid is defined as Dow Corning 200-(2 CS). For all systems a tubular

type waste-heat exchanger was specified by NASA for the Task 2 studies.

While the tubular type heat exchanger was heavier than the plate-fin type,

NASA felt that the tubular type offered more protection against leaks.

The Task I results were reviewed in light of the above changes. The lower

operating temperatures associated with the SNAP-8 reactor NaK coolant permitted

the use of nonrefractory materials in the heat source heat exchanger. For the

heat source heat exchanger for the SNAP-8 cases a tube-fin approach was selected
using Haynes 25 tubes with stainless steel clad copper fins. For the tubular

waste heat exchangers_ a 347-SS tube with copper fins was found to be appropriate

for both the advanced and SNAP-8 systems. For the waste heat exchangers, a
flap turbulator insert was used to enhance liquid-side heat transfer.

Examination of the design matrix of Figure 2-2 reveals that each of the

eight design cases associated with a system pressure loss ratio of 0.94 (i.e.,

a pressure loss of 6 percent in the HXDA) differs from two adjacent cases

only in this parameter. Thus these cases (i.e._ 0.92 and 0.96) will differ only
slightly from the 0.94 case in terms of gas flow rate due to the small difference

in cycle efficiency with the higher or lower system pressure drop. Heat exchanger

weight and size data developed for the eight 0.94 pressure loss ratio cases (i.e._

cases II: V, II-A, 8-11, 8-V_ 8-VIII_ B-XI, 8-11A) were therefore scaled to pro-
vide similar data on the 0.92 and 0.96 pressure loss ratio cases. Consequently_

these eight cases were identified as the primedesign cases.

Studies were conducted on each of the three system heat exchangers for
eight operating conditions of the prime design cases. These studies resulted

in the definition of minimum weight heat exchanger designs (i.e., weight, size,

S
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heat transfe_" matrixes_ etc.) for th_ recdperator_ heat source heat exchanger_

and waste heat exchanger over a range of gas-side pressure drops. Fomulations
were also developed defining the weight_ size_ and pressure drop associated

with the interconnecting gas ducts and manifolds.

A computer program was developed (replacing the graphical method used in

Task I) to optimize the allocation of pressure drop among the three system heat

exchangers. Operating on weight and pressure drop d&ta of the individual heat

exchangers_ the computer program identifies that combination of heat exchangers

' which yields minimum total heat exchanger weight for a fixed total system pres-

sure drop. For the Task 2 studies_ 25 percent of the total pressure drop avail-
able was allocated to the interconnecting gas ducts and manifolds.

Using the component data developed as a function of pressure drop for each

of the eight prime design cases_ and adjusting these data to account for varia-

tions in gas flow rate_ the weight optimization computer program was used to

obtain optimum solutions for the recuperator_ heat source heat exchanger_ and

waste-heat heat exchanger for each of the 24 design cases. The results of these
analyses are summarized in Table 2-2.

Layout drawings were prepared for each of the eight prime design cases

with dimensional information on the sixteen nonprime cases indicated on the

appropriate drawings. A typical layout drav_ing developed in this task is shown

i,,Figure 2-3 along with an i_iuotration of the complete HXDA package.

TASK 3 - DESIGN OF FOUR BRAYTON CYCLE HXDA'S

Four Brayton cycle design points were selected for this task by NASA_ on

the basis of their inhouse systems studies and the Task 2 HXDA study results.
The four systems were as follows: _

I - SNAP-8 Design Temperatures_ 160 kwe

IIXDAMechanical Design

Recuperator_ waste heat exchanger_ and ducting capable of

operating at 1600°F system temperature levels

200/I05 psi (maximum_ high/low pressure levels) I

1300°F maximum temperature (HSHX)

Waste Heat Exchanger

Plate-fin construction

Coolant: DC-200 - (2 CS)

8
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II 1600°F Turbine Inlet Temperature_ i60 kwe

HXDA Mechanical Design

200/105 psi (maximum, high/low pressure levels)

1700°F maximum temperature (HSHX)

Waste Heat Exchanger

Plate-fin construction

Coolant: MIPB

III - 2100°F Turbine Inlet Temperature_ 160 kwe

HXDA Mechanical Design

Z00/105 psi (maximum, high/low pressure levels)

2150°F maximum temperature (HSHX)

Waste Heat Exchanger

I. Plate-fin/MIPB Coolant

2. Tube-fin/NaK coolant

IV - SNAP-8 Design Temperatures, 80 kwe _,

HXDA Mechanica] Design

I00/50 psi (maximum, high/low pressure levels)

1300°F maximum temperature (HSHX)

Waste Heat Exchanger

Plate-fin

Coolant: DC-200 - (I CS)

1971004562-031



The following conditions were held ccnstant for ail four systems:

(a) Working fluid Xe-He - Mol weight = 39.94

[

{b) Recuperator effectiveness = 0.925

(c) System pressure loss ratio = 3 percent

(d) Waste heat exchanger effectiveness = 0.950
I

Materials were selected for each of the three HXDA l_eat exchangers_ copsist_nt

with the defined operating temperatures and pressures. Parametric data on

weiqht and size of recuperators, waste-heat heat exchangers, and heat source

heat exchan3ers were developed for each of the four design cases. These

component studies identified optimum (i.e._ miFimum weight) design solutions
for each of the system heat exchangers as a function of gas-side pressure drop.

In the course of these component studies_ it was determined ti_at for a given

pressu,-e drop a considerable weight savings could be effected by using

triangular end sections on the recuperators as opposed to the rectangular end

sectirns employed in the Task 2 studies. Consequently_ design procedures were

developed to size and configure minimum weight recuperators employing tri-
anoular c,ldsections.

The weight optimization computer program_ developed in Task 2_ wa'sexpanded

to treat the HXDA ducts and manifolds as a fourth system component for which an
optimum allocation of pressure drop for minimum weight can be determined. In

this form the computer program determines the optimum pressure drop aliocation_

for and among the three system heat exchangers_ as well as the optimum size_

weight_ and pressure drop allocation for the ducts and manif)Ids which yield
a minimum total HXDA weight.

The parametric heat exchanger weight and size data developed on each heat

exchanger was used in conjunction with the computer optimization program to
identify the optimum set of heat exchangers and pressure drop allocations for

each of the four design cases. The results of these analyses are summarized
in Table 2-3.

Layout drawings were prepared for each of the four design cases of Task 3.

The layout drawing for Case IV (SNAP-8_ 80 kwe) is shown in Figure 2-4 alc_g
with a sketch illustrating the overall HXDA configuration.
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SECTION 3

PRELIMINARY INVESTIGATIONS

INTRODUCTION

This section of the report presents a summary of the work that was

p_'formed in the Task I effort. Figu-e 3-I shows the original Brayton
' cycle system parameter matrix that was se|ected by NASA for the Phase I effort

and Table 3-I presents the matrix of operating design conditions. The objec-

tives of Task I were to identify the most promising heat transfer surfaces

for the three system heat exchangers from the large number of possible surfaces.

The approach taken co this task was to select from the 24 design points

4 design poiets which would represent the largest and smallest systems for
each of the two working fluids.

By using the reduced number of design points, several types of heat trans-
fer surfaces could be investigated and the most appropriate ones identified

for each of the various system heat exchangers and design conditions. .-

The highest recuperator effectiveness, coupled with the lowest pressure-
to-power ratio and the lowest system pressure loss, will result in the largest
_et of heat exchangers. This _et of criteria applied to the gas molecular
weight of 39.9_ defines Case IX on the design point matrix of Figure 3-I. The _

other three design points were established in a similar manner. The design

point cases selected for the Task I effort consequently were: •

Case IV {Molecular weight = 39.94) ,

Case IX (Molecular weight = 39.94)

Case IV-A (Molecular weight = 83.80)

Case IX-A - (Molecular weight = 83.80)

The state points for each of these design cases are given in Figure 3-2

through Figure 3-5.
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MOLECULAR WEIGHT = 39.94
RECUPERATOR EFFECT. = 0.925

TURBINE PRESSURE/POWER - 0.60
PRESSURE LOSS RATIO = 0.92

COMPRESSORTg " 2060 OR

FROMHEATSOURCE 2130 °R

P = 125.1 PSI 4

"--l_t_'_'- T - 1633 IR WU- 6.56 LBS/SEC
I

4
I _ RECUPERATOR •
!

I
T = 947°R I

' P ,,228 PS: _ ' _ T = 1002 °R

P = 65 PSI / S-55126
T - 684 OR
P"75 PSI

t

Figure 3-2. System State Points for Case IV
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MOL WT 59.94
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l
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r

T : 1665 eR r

P = 56. I PSI_,_ TO HEAT SOURC I
¢ I

/ "T _ 2050 OR
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-'----_ U__WHH_0R__ X ".._,I,'_XCHANGER = J

T=_85 __' _ .,_ w ,02, tBs,'sEc
P = 75 PSl J \ J _ g /

COI_NECTIONS &J _/71 _ J

T " 940 OR "_T= 700 oR S-55127
P=65 PSI

Figure 3-3. System State Points for Case IX
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•41-'_-- REC.E = 0.925
MOL _JT_ 83.80

P/POWER- 1.80
PRESSURE LOSS RATIO = 0.92

TURBINE

TAC

"1
i COHPRESSOR

'q_" - = 20_.0 OR T = 2150 oR -
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w
e
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T = 1689 OR
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I *"
i

4
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I
I
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_ EXCHANGER j
ORT = 684 OR mr ,

P" 75 PSI

CONNECTIONS
TO RADIATOR S-55' 24

T - 956 OR W = 25.79 LBS/SEC
P - 65 PSI g

Figure 5-4. System State Points for Case IV-A
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" REC. E = 0.950
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Figure 3-5. System State Points for Case IX-A |
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HEAT EXCHANGER DESIGN ANALYSIS

Recuperator

The heat exchanger configurations analyzed for this component are the

following:

I. Plate-fin counLerflow

' 2. Tubular cross-counterflow

a. Muitipass tube-side
b. Multipass shell-side

3. Combination plate-fin/tubular

To obtain a comparison of tubular and plate-fin matrixes over the required
range of design conditions_ heat exchanger core weights were calculated for
Cases IV_ IX_ IV-A_ and IX-A. These cases represent_ respectively_ the smallest
and largest recuperators for XeHe 39.94 and the srJllest and largest recuper-
ators for XeHe 83.8. Since the optimum pressure drop allotment among system
components is not known at this time 3 all cases were calculated for a range
of gas pressure drops.

The very high pressure of Case IV-A exceeds the strength capability of a
pure plate-fin matrix_ based on current estimates of the creep s_rength of
brazed Hastelloy X. Thus_ for this design condition_ the candidate configur-
ations are tubular and combination plate-fln/tubular. The latter configuration
involves a tubular prer_oler_ which reduces the temperature of the hot gas by
200°F_ follovmd by a pl te-fin counterflow heat exchanger. The plate-fin matrix
in this configuration has adequate pressure containment capability at the re-
duced temperature of the hot inlet gas,

Following calculation of the heat _xchanger core weights_ a structural
analysis w_s performed on the tubular designs to determine the weights wf
headers_ no-flow pansj and any req_:ire_ tube supports. Thuse weights added
to the core tube weight for each design case give an adjusted core weight that
can be used for comparison with the plate-fin matrix. Similarly_ the adjusted
uore weight used for the plate-fin matrix Includes both the calculated counter-
flow section weight and an estimate of the woight of the end sections required
to provide fluid access to the core. Additionally_ heat exchanger pressure
drops for the plate-fin designs are adjusted to account for estlmoted pressure
IoJsus in the end sections. With these corrections to the tubular and plate-

fin core welghts_ a set of comparable weights is obtained that can be used In
making a selection of heat exchanger type for each design condition,

I. Plate-Fin Cores

Plate-fin core weights were calculated using several representative fin
sets for Cases IV_ IX_ and IX-A. Fin thicknesses were based on the structural

requirements, e For the purposes of this an_lysis_ the use of Hastelloy X with

_See Fig Jre 5-57 which appears later In thls section.
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a fin strength ratio of 0.25 was assumed. This is roughly equivalent to the

use of 347 stainless steel with an assumed fin strength ratio of 0.5. The

results of these calculatiors are shown in Figures 3-6_ 3-7_ and 3-8_ where

core weight is plotted as a function of total fractional pressure drop for the

three design cases. Of the fin combinations used_ fin set 4 is seen to be

either minimum-weight or close to minimum-weight over the entire range of

design conditions.

2. Tubular_ Multipass Tube-Side Cores
I

In this configuration the low-pressure gas makes a straight pass on the
shell side of the heat exchanger and the high-pressure gas is multipassed on

the tube side. To obtain the optimum core geometry for each design case_ a

number of core parameters were varied in the calculations. The parameters

varied included tube diameter_ tube spacing_ and tube dimple geometry. Addition-

aIly_ tube-side and shell-side gas pressure drops were varied to obtain an

optimum pressure drop split for each value of total fractional pressure drop

considered. The variations of core weight and core geometry with tube 5pacing
and pressure drop split are shown for each of the four cases in Figures 3-9

through 3-16. Based on these curves; the selected value of transverse :abe

spacing for all four cases is 1.5 x tube O.D.; and the selected pressure drop

split for all four cases is 60/40 (inside/outside).

3. Tubular a Multipass Shell-Side Cores

In this configuration_ the tubes are arranged in a cylthdrical bundle

and a series of core baffles are used to cause multipassing of the shell-side •
fluid. Configurations in which the low-pressure gas is inside the tubes and

configurations in _hich the low-pressure 9as is outside the tubes were both

studied. The cores were optimized by varying tube diameter_ tube spacing_ _

dimple geometry_ and pressure drop split between tube and shell sides of the i
heat exchangers. Based on a comparison of the calculated core weights and - -

geometries obtained for these configurations with those obtained for the multi-

pass tube-side configuration_ the follow!ng conclusions can be stated: (I) ._
comparable core tube weights can be obtained with multipa_s shell-side con-
figurations but only with very long tubes_ and (2) putting {he high-pressure ig_s inside the tubes results in a less favorable gee,c_try than is obtained with
the low-pressure gas inside because of the increased _ube lengths involved.
A comparison of multipass tube-side and multipass shell-side (low pressure
inside) recuperators at a total pressure drop of two percent is shown in
Table 3-2. The greater volutes and tube lengths of the multipass shell-side
configurations result in increased wrap-up weights as well as unfavorable
geometries for packaging.

4. Combination Plate-Fin/Tubular Cores

This configuration consists of two heat exchangers In serles_ a tubular
precooler of the multipass tube-side geometry and a plate-fin matrix in a pure
counterflow configuration, Figure 3-17 shows adjusted core weight for each
of the two components as a function of total fractional pressure drop for that
component, In Figure 3-18 *he weights are combined to obtain total adjusted
core weight as a function of total fractional pressure drop and pressure drop
split. The dotted line in Figure 3-18 represents the optimum pressure drop

; split and defines the locus of mlni_'n weight designs.
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Figure 3-16. Variation of Weight_ Volume_ and l_ximum Dimensions
with Pressure Drop Split for Case IX-,A Tubular

Recuperator Core (_ultipass _.ube-Side)
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TABLE 5-2

COHPARISON OF TUBULAR RECUPERATORCONFIGURATIONS
C_P/P = 2 PERCENT)

Core Tube Tube Adjusted

Case Configuration Vol.(Ft31 Wt. ILb_ Length !In.) {,oreWt _Lb)*

!_ Multipass Tube 15.5 590 II 710
Multipass Shell 45.5 600 77 2860

TX Multipass Tube 95 1250 22 2600

Multipass Shell 250 2200 575 8020

!V-A Multipass Tube 17 420 15 1950
Multipass Shell 20 590 104 2590

IX-A Multipass Tube 62 1250 5_ 5600
Hultipass Shell 74 1400 145 66;0

5. Comparison of Recuperator Types

Figures 5-19 end 5-20 s_w a comparison of recupera_or we;ghts for the
selected design cases. Based on these results, it was recommended that the
plate-fin counterflow c "figuration be used in the parametric studies of
Task II, except where the use of pl3te-fin matrixes is ruled out for structural
re_sons. At pressure ievels above the capability of the pure plat_-_in recup-
erator_ the combination plate-fin/tubular configuration was recommended.

Waste Heat Exchanqer

The following heat exchanger types were considered for t!0is component:

I. Plate-fin cross-counterflow

2. Finned tubular cross-counterflo_

a) Disc fins

b) Strip fins

As for the recuperator, heat exchanger des;gns were calculated for Cases IV,
[Xj IV-A, and IX-A for a range of gas-=ide pressure arops, Here also a
structural analysis was made of the finned tubular designs to Jetermine the
weights of the required headers, no-flow pans, and any additional tube support
structure• The addition of these weights to the basic core tube weight places

" the finned tubular design on a comparable basis with the hlate-fin unit_ since
the calculated plate-fin cores include header bars an_ side plates an_ are
structurally sound without additional internal core structu;e•

i

*Tubes, baffles, headers, and no-flow pans or cylindrical shell
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I. Plate-Fin Cores

In the plate-fin configuration studied_ the gas makes a single pass
through the heat exchanger and the liquid is multipassed eight times in a
cross-counterflow arrangement, Liquld passages in the exchanger alternate
between active and redundant Ioops_ and interpass turns are accomplished with
mitered turning fins to maintain separation of the two independent loops. This
configuration is similar to the Engine B plate-fin heat sink heat exchanger.

I

Wet core weights for the plate-fin waste heat exchanger are shown in
Figures 3-21 through 3-27 for each of the four design cases studied, In each
case a number of representative fin sets were studied to obtain a minimum-
weight design, For the lower pressure cases (IV and IX)_ steel_ nicke]_ and
copper were considered as fin material, At the higher pressures of Cases IV-A
and ]X-A_ consideration was restricted to steel and nickel for the fins, In
all cases_ a relatively compact fin set (e,g,_ 20R-.075 liquid sandwich and
24R-.075 gas sandwich) is indicated as optimum by the weight curves, A]soj
copper or nickel was indicated as the optimum fin material in all cases.

2. Disc-Finned Tubular Cores

In the finned tubular core_ the liquid is multipassed within the tubes
while the gas makes a single pass on the shell side of the exchanger, The
fins are continuous strips spiral-wound on the tubes to form a disc fin geometry
with 50 fins per inch, Three-ill thick copper is used as the fin material,
Of the several tube/fin geometries tried_ matrix SFT 18 (fin 0D ,'- tube 0D =
1.27) yielded the lightest cores, The use of plain strips brazea inside the
tubes resulted in lighter cores than were obtained with either plain tubes or
tubes with turbulators. The variation of adjusted wet core weight with gas- ,_

side pressure drop_ based on this optimized core geometry_ is shown in Figure

3-28. The weights and pressure drops plotted are for two cores in series3 as

required to meet the requirement of two irdependent liquid loops.

3. Strip-Finned Tubular Cores

The use of a strip-finned tubular matrix3 similar to the Engine A heat
sink heat exchanger_ w6s found to be impractical for the present application
for two reasons," (I) the high ratio of outside-to-inside heat transfer area
in the strip-finned matrix is far from optimum for the HXDA design conditions_
and (2) the large number of tubes and tube rows per pass makes manifolding of
independent liquid loops in a single core impractical,

4. Co._arison of Waste Heat Exchang=r Types

Figures 5-29 and 3-30 show the comparative weights of the plate-fin and
disc-finned tubular heat exchangers for each of the four selected design con-
ditions, The finned tubular weights range from 65 percent to 195 percerJt
heavier than the plate-fin welghts at corresponding design conditions, The
unfavorable weight of the finned tubular heat exchanger Is due largely to the
weight of the gas containment structure and ls most pronounced at the higher
pressure level design conditions, Based on these results_ the usa of the
plate-fin matrix for the waste heat exchanger is recommended, '

ml i i IP
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Figure 3-21. Variation of Weight with Gas-Side Pressure Drop for

i Case IV Plate-Fin Waste Heat Exchanger (Steel Fins)
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Figure 3-22. Variation of Core Weight wlth Gas-Side Pressure Drop for
Case IV Plate-Fin Waste Heat Exchanger (Nickel Fins)
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Figure 3-23. Variation of Weight with Gas-Side Pressure Drop
for Case IV Plate-Fin Waste Heat Exchanger (Copper Fins)
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Figure 3-29. Comparison of Waste Heat Exchanger Types for Cases
IV and IV-A
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Figure 3-30. Comparison of Waste Heat Exchanger Types
For Cases IX and IX-A
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A comparison of these results with the parametric study results for the
Fngine A and Engine B Brayton cycle systems indicates the influence of in-
creasing system pressure level on optimum waste heat exchanger design. In
the Engine A system, at a gas pressure level of 6.25 psia_ the optimum waste
heat exchanger was strip-finned tubular and weighed less than half what a
plate-fin heat exchanger would have weighed for that system. At the Engine B
pressure level of 24 psia_ the weights of plate-fin and finned tubular designs
for the waste heat exchanger, including required wrap-up and structure, were

, essentially equal. At the higher pressure levels of the present system_ as
noted above_ the plate-fin heat exchanger weights range from 35 percent to
60 percent of the finned tubular weights.

The following major factors make the plate-fin matrix increasingly
attractive in comparison with the finned tubular configurations as gas pressure
level is increased:

I. There is a reduction in axial conduction of heat in the plate-fin
core as pressure level is increased due to the decreasing ratio of
core A/L (metal area z length) to fluid capacity rate. As a result
of this, the use of higher conductivity fins (nickel or copper)
becomes possible at the higher pressure levelsj with attendant weight
reduction. Axial conduction is not a factor in the finned tubular
core because an uninterrupted conduction path does not exist in the
axial (gas-flow) direction,

2. An increase in pressure level causes a rapid increase in the weight
of the gas containment structure (i.e., manifolds, no-flow pans,
headers) required for the finned tubular heat exchar,ger. At the
temperature and pressure levels under consideration here 3 the plate-
fin heat exchanger is relatively unaffected by the structural require-
meqts of gas pressure containment= i,e,, minimum metal thicknesses
r_uired for heat transfer or reliable fabrication _,re in most cases
sufficient also for pressure containment,

5. The increase in gas-side heat transfer coefficient with increasing
pressure level _.:duces the optimum ratio of gas-side to liquid-side
heat transfer area from 25 for the low-pressure Engine A system to
roughly one or two for the various design conditions of the present
system, The advantage of the finned tubular matrix in providing high
area ratios in compact and efficient configurations is thus eliminated
at the high pressure levels of the HXDA waste heat exchanger, Specifl-
cally, the use of a strip-finned core, providing dual use of fin area
for both liquid loops, is impractical at the HXDA design conditions,
Thus the finned tubular configuration, requiring two separate cores
to accommodate independent liquid loops, is at a basic disadvantage
to the plate-fin three-fluid heat exchanger,
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Heat Source Heat Exchanger

The materials selected for the heat source heat exchanger were T-Ill for
the tubes_ manifoldsj headers_ etc. and Columbium (1_ Zr) for the fins. A
minimum tube wall thickness of 0.020 in. was selected to ensure fabricability
of the heat exchangers and for containment of the lithium. A minimum tube
O.O, of 0.25 in. was selected to 1void any problem of tube plugging by the
liquid 1;thium. The heat exchanger configuratioqs analyzed for this component
were plain tubular and fln.ed tubular.I

The following staggered tube matrixes were considered for the plain tube
configuratlons.

Core Matrix Tube Spacing _ Tube Row Spacing
Desiqnation Tube O.D. Tube O,D.

SB-125100 1.25 1.0

SB-150100 1.50 1.0

SB-200100 2.00 1.0

For the finned tube configuration_ the following staggered tube matrixes
were surveyed.

Core Matrix Tube Spacing Tube Row Spacing Fin Diameter Fins
Designation Tube O.D. Tube O.D. Tube O.D. Per Inch

SFT 16 2.60 2.26 2.50 30

SFT 17" 2.29 1.63 1,88 30

SFT 18 1.98 0,99 1.27 30 "

An initial survey was conducted contrasting heat exchanger designs employ-
ing plain tubes vs finned tubes and the results are shown in Table 5-3. The
gas side and liquid side pressure drops _ere selected to achieve a reasonable
aspect ratio on the frontal area of the heat exchangers. Examination of the
data on Table _t-3 shows that the performance of the finned tube matrixes are_
as would be expectedjconsiderably better than the plain tubes both in weight
and in total number of tubes required. While only the designs for Case IV
are shown_ similar results can be shown for all the design cases. Thus the
finned tube approach is greatly superior in this application.

In general_ the heat exchanger weight decreases with decreasing tube
diameter at the expense of an increase in the number of tubes. Since the
HSHX is by far the lightest of the three heat exchangers in the system and
each tube w!li have to be welded into the headers because of the materials
of construction_ there is a great incentiw to reduce the number of tubes as
well as to achieve a lightweight design solution.

Figure 5-51 shows the variation in several heat exchanger parameters as
the tube diameter is varied. Below a tube diameter of 0.50 in. there is a

rapid rise In the number of tubes required although weight continues to decrease,
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The effect of multipassing is also illustrated in this figure. While the

single pass solution for a given tube diameter results in fewer tubes_ an un-

favorable aspect ratio of the gas flow frontal area results. Thus the two-
pass solution is recommended. A tube diameter of about 0.5 in. represents a

reasonable compromise between low weight_ a small number of tubes and a good

frontal area aspect ratio.

The next area investigated was the effect on heat exchanger design of

, the liquid lithium side pressure drop. The change in heat exchanger design
with change in liquid side pressure drop is illustrated in Figure 3-32. As
the liquid side pressure drop is increased there is a resultant decrease in
the number of tubes required_ a small change in weight and an increasingly
poor frontal area aspect ratio. Thus a L° on the liquid side of 1.0 psi or
less is indicated.

The effect of gas side pressure drop for the four design conditions of
Task I is shown in Figures 3-33 through 3-36. Eor Case IV_ Figure 3-36_ the
gas side pressure drop was varied from .25 to 1.0 percent AP/P, For a _P/P
greater than .005 there is little decrease in heat exchanger weight_and over
the range surveyed the number cf tubes is practically constant_ as is the
frontal area aspect ratio. For Case IXj Figure 3-343 the same type behavior
as in the previous case is apparent_ with little change in weight with pres-
sure drop. However_ in this case there is a slight worsening of the aspect
ratio as higher gas side pressure drops are encountered. For Case IV-A_
Figure 3-35_ the weight of the heat exchanger is about twice that of the other
cases considered due to the high system pressure level. Most of the weight
is in wrap=up of the heat exchanger tubes and not in the heat exchanger core.
There is little change in heat exchanger weight over the range of gas side
pressure drops considered. For Case IX-A_ Figure 3-36_ the change in weight ,
is somewhat more pronounced over the complete range of gas side pressure drops
than the previous cases and does not flatten out appreciably. It was necessary
to drop the liquid side pressure drop from i.O psi used in Cases IV and IX to
0.50 psi for Cases IV-A and IX-A to achieve more favorable frontal aspect ratios.
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HEAT EXCHANGER STRUCTURAL ANALYSIS

Structural analyses were performed on the various system heat exchangers

to determine acceptable geometries. Since one of the primary study objectives

is to determine component weights_ structural analysis was directed to achiev-

ing realistic_ lightweight designs. Plate-fin heat exchanger weights are
calculated with the heat transfer analysis utilizing fin and plate sizes
established by sLrength requirements or minimum gage requirements. Tubular

heat exchanger design and weight analysis was performed to give a realistic

comparison with the plate-fin design type. This work was performed during the

preliminary design and was utilized for all tubular heat exchanger weight
estimates.

Structural analyses in the preliminary investigations consisted of support

for the heat transfer studies, development of tubular heat exchanger weight

relations and calculation of tubular recuperator_ heat source_ and waste heat

exchanger weights. The preliminary fin and tube thicknesses for the plate-fin

and tubular designs, respectively_ were calculated to initiate the heat trans-

fer analysis. Preliminary sizing was based on pressure containment require-
mcnts. Tubular heat exchanger weight relations were then developed for

components such as tubes_ headers_ pans_ and shells based on pressure contain-

ment and inertia load requirements. These tubular weights were then incorporated

in the summary curves to provide weight comparisons between competitive designs
and estimates of the contribution to system weight of the three heat exchanger

components.

Design Criteria and Material Properties

The operating requirements of the system include a 50,000 hr service life _
and inertia loads during vehicl_ operation. The inertia loads were based on

the use of an isolation system which limited load to 24 g in any direction.

The natural frequencies of the components will be greater than 50 Hz to avoid
the isolation system frequencies.

A variety of load conditions, stress conditions, and types of failure

mode possibilities will be experienced by the components during their service

life. The comprehensive set of design criteria normally used to acc_l_odate
pressure loads, inertia loads, and thermal stresses was simplified for this

prelimin_ry study. Allowable stresses were therefore b_sed on pressure con-
tainment design criteria.

The standard design practice employed by AiResearch is to design the

pressure carrying structure for proof pressures of 1.5 times the working
pressures and for burst pressures of 2.5 times the working pressures. The

structure must not yield at proof pressure or rupture at burst pressure.

This Impl;es that the proof pressure is the governing design condition If the
ratio of yield stress to ultimate stress is less than 0.6 and that the burst

pressure will govern If the ratio Is greater than 0.6. The allowable stress

at working pressure Is_ therefore, the lesser of the following:

o = t)12.5 (la)all (°ul

= %)/l.s (Ib)+all
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At elevated temperature for extended operatlng times, the above condition

must be satisfied and_ in addition_ the component must be satisfactory for

creep effects. A set of criteria for creep must be comparable to those for the

short time loading. Accordingly_ limitations based upon stress-to-rupture and

stress-to-one percent creep must be established. The rated design life of the

unit is five years and It will be designed for sustained pressure operation at

maximum operating temperature throughout the entire design life. Allowable

stresses at working pressure must be the lesser of the following.

, Oal I = [(l-percent creep stress)50,O00 hr]/l.2 (2a)

_all = [(creep-rupture stress)50,O00 hr]/l.5 (2b)

Material properties at elevated temperatures are very sensitive to temper-
ature. For the candidate materials_ an increase in temperature of lO0°F typi-
cally leads to a decrease of approximately 33 percent in creep and stress rupture
strengths. Therefore_ an allowance must be made to account for the possibility
of overtemperature. The design temperature used to establish allowable stresses
is taken to be the maximum operating temperature plus lOOeF. The lO0°F over-
temperature criteria result :n an effective safezy factor greater than those
shown in Equation 2.

Material strengths properties for the three heat exchangers are provided
-, in Appendix A-2_ based on the above criteria. For the preliminary investiga-

tion_ 347 steel was the basic construction material for the waste heat exchanger

although nickel and copper were used in the plate-fin designs. Hastelloy X

was the basic recuperator material although 547 steel was an acceptable alterna-

tive providing equal weight in low pressure plate-fin designs. Tantalum ,alloy T-Ill was the structure] material for the heat source heat exchangers.

Fin and Tube Pressure Capability

, Plate-fin heat exchanger fin density requirements were determined for the
recuperator and waste heat exchanger prior to the heat transfer calculations.
The fin dp.nsitles used in the analyses are then reflected in the weight of the
plate-fin heat exchangers, Fin area density requirements were based on fin
tensile stress as given by

__ °fin= _ (bfin " tfln itfln

where p !_ the applied Internal pressure, bfln Is the fln sRaclng_ tfln Is fln

thickness_ and f Is the strength retlo relating fin tested performance to
theoretical tensile strength based on this equation, This equation can be
rewritten to express the required fin area density as a function of pressure_
allowable stress_ and strength ratio giving

tfl----_n= P (5)
bfl n faal I + p
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Recuperator fin areas vs pressure are shown for Hastelloy X at operating

temperatures of IO00° and 1200°F in Figure 3-37. The i200°F operating tem-

perature applies to all designs where a plate-fin recuperator is utilized.

However_ as shown by the results in Figure 3-37_ plate-fin designs for pres-
sures above 400 psi require fin densities greater than 20 percent. Since fin

densities of about 18 percent or greater would require improved fabrication
techniques they were not considered. A reduction in maximum plate-fin

operating temperature to about IO00°F would permit fins to be used in the

' entire operating range as indicated by Figure 3-37. Designs were therefore
considered which would incorporate a tubular unit at the hot end of the

recuperator to reduce the plate-fin temperature. This would allow a combined

tubular and plate-fin design which would include the size and weight advantage

of the plate-fin type.

The results in Figure 3-37 are highly dependent on the fin strength ratio
used in the ca!culations, The range of strength ratios expected for standard

fin materials is about 0.25 to 0.50 depending_ for example_ on the braze alloy

used for fabrication. The curves in Figure 3-37 are based on a Hastelloy X

fin strength ratio of 0.25. This is conservative for this material; however_

this strength coincides with the strength of 347 steel fins with a 0.5 ratio_

and either material could be used for the plate-fin recJperators.

Fin requirements for the waste heat exchanger were computed for 347 steel_

nickel_ and copper fins using a maximum operating temperature of 600°F. The

fin area densities are presented in Table 3-4 for the various operating pres-

sures using Equation !3). Nickel and 347 steel are satisfactory over the entire

pressure range with nickel fins requiring about twice the density. However_
fin area requirements at the low pressures will not govern the design because

fin densities less than 2 or 3 percent involve minimum size limitations. There- _

fore_ the nickel fin weight will be about the same as steel fins except for

the 375 psi pressure where the nickel fin weight is about 70 percent higher.

Copper fin density requirements exceed nickel by a factor of about 6_ and due

to maximum density limitations no design is possible at 375 psi. Copper fin
weight will exceed steel or nickel fin weight throughout the design range since

minimum copper requirements exceed minimum acceptable sizes.

Heat source heat exchanger design was limited to tubular types using

Tantalum alloy T-Ill. Initial tube sizing was expressed as an allowable ratio
of diameter to thickness based on tube circumferential membrane stress. A

1.5 factor was added to the stress to account for thermal stresses_ and for

internal pressure cases we have

a = 1.5 pD/2t

or

(D/t)req = 1.30al I /p i
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TABLE 3-4

WASTE HEAT EXCHANGER FIN AREA
DENSITIES FOR 347 STEEL_ NICKEL_ AND COPPER

r.

Maximum Condition_ Required Fin Density
Pressure_ psi Location 347 Steel Nickel " Copper

I

56 iX, gas .006 .009 .051

75 Liquid .007 .012 .067

125 IV_ gas .Oil .020 .117

163 IX-A_ gas .014 .026 .135

375 IV-A_ gas .035 .059 .265

TABLE 3-5

PRELIMINARY HEAT SOURCE HEAT ,,,',.
EXCHANGER TUBE DIAMETER TO THICKI;ESS

RATIOS FOR TANTALUM ALLOY T-I II

Max i mum A I I owab I e
Max imum Di amete r-t o-Th I ckness

Pressure_ psi Condition Ratio
i

105 IX 88

228 IV 41

304 IX -A 30

684 IV-A 15

1
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For external pressure loads we have a blaxlal stress characterized by com-
pression circumferential stress and tensile longitudinal stress. Assuming
equal stresses, the equivalent stress is 1.75 times the one dimensional
stress so

(D/t)req = 0.77 Gall/P (4)

Since the high pressure gases are outside the tubes in all cases_ Equation (4)
was used to set the diameter to thickness ratios shown in Table 3-5. The

, maximum operating temperature is 1670°F and the allowable stress for T-Ill is
12_000 psi. A check of tube buckling indicated that there was adequate strength
in all cases for the ratios shown in Table 3-5.

Tubular Heat Exchanger Design

Tubular heat exchanger structural design was performed to provide core
weight estimates which would be comparable to plate-fin core weights. The
plate-fin core weight is provided with the heat transfer analysis, whereas for

tubular units the heat transfer calculations provide tube weight (including

disk fins_ turbulator% etc.). A comparab)e tubular core weight is achieved

by adding the contributions of baffles, headers_ pans on the no-flow sides_
and support beams.

The tubular elements were designed to withstand internal pressure and

inertia loads. Pressure loads were based on inlet fluid pressures which apply
to the particular component. For inertia loads it is assumed that the unit

is isolation mounted so that the maximum load is 24 g in any direction. In
addition_ the natural frequency of the heat exchanger components must be
greater than 50 Hz to ensure that internal resonances exceed the isolation

system resonances.

Structural models were selected for several types of tubular arrangements
including rectangular and circular designs. Fluid pressures were assumed to

be contained by cylindrical structures. Discontinuity stresses at joints and

changes in 9eo-etry were not calculated; however_ stress factors were used to

account for them. (This factor also provides for thermal stresses which were

not otherwise considered.) Inertia loads were supported by beam structures
using standard design techniques.

The following development of design equations is based on a rectangular

tubular recuperator model with multipassing on the tube side. A schematic of

the recuperator is shown in Figure 3-38. The added components included baffles

(not shown) to support the tubes when necessary_ a header array consisting of
a flat plate and semicircular caps, no-flow circular pans3 a flat plate flow

guide, and support beams to provide the required end conditions for the header
array. The basic approach in the analysis was to compute required thickness

for each component for the applicable design conditions of pressure_ 24 g

insertia load_ and 50 Hz minimum natural frequency. The weight of each compo-

nent was then obtained for the surface area that encloses the heat exchanger, l
A summary of thickness and weight equations for the various elements is given
in Table 3-6. A complete listing of the nomenclature used in Figure 5-58 and
Table 3-6a is provided in Table 5-6b. The thickness at the Inlet and outlet
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TABLE 3-b (Continued)

b. NOMENCLATURE

D Tube outside diameter, in.

E Material elastic modulus, psi

g 385 in./sec2 = accel_'ation of gravity

L Length_ in.
i

N Number

Pi Pressure inside the tubes_ psi

Po Pressure outside the tubes_ psi

p 1.5 0.25_PoDHT + Po(LNLF/N T - 0.25_D,T ) /0.25_D T

t Thickness_ in.

T (tINLE T + tOUTLET)/2 = average required tube thickness, in.

W Weight_ Ib

p Material density_ Ib/cu in.

0 Material allowable stress_ psi
all

Subscript

B Baffle

Flow

H Header

HT Heat transfer input

N No-flow

P Liquid passes

T Tube

TB Tube and baffle

TBHP Tube_ baffle_ header and no-flow pan
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(For the gas outside the tubes) was computed by the equations shown and the

average thicknessj t_ was used to estimate conponent weight. This average
thickness considers material strength at the nigh temperatures at one end but

assumes that the greater material capability at the cold end of the unit
could be taken advantage of by varying thicl.n_sses. Estimated minimum fabric-

able sizes for eat;, of the components are included in the table based on

state-of-the-art fabrication techniques and reliability requirements.

I. Tube Weight
I

Initial acceptable tube dimensions were provided for the heat transfer

analysis based on internal pressure coqtainment. After core sizing the tubes

were then checked to see that they would be adequate for pressure_ inertia

1oad_ and resonance corditions. If tne tubes required additional pressure
containment strength_ the tube thickness was increased. It was assumed that

thickness changes would have a mini,hum effect on the heat transfer analysis

and a second core sizing was not r_:quired. A 4-percent weight ;ncrease was
used for dimpled tubes; however_ stress effects were not considered. Baffles

were utilized to provide inertia load capability when the unsupported tube
was inadequate.

The initial tube sizing was on the axial stress since the gas outside the

tubes contributes a significant load. In additlon_ a 1.5 factor was applied
to account for various effects such as header discontinuity loads and thermal
loads. The tube axial stress is

= 1.5 pi(_R2) + po(&l_2 l(_t)

where R i= tube radiusj &l and &2 are tube and row spacingj Pi is internal

tube pressure and Po is external pressure. The stress given by the above

equation exceeds the tube loop stress for either presRure applied separ&tely.
The equation can Ee written in standard membrane form

PD
4t

if we let

P = 1.5 [pi(_R2) + po(&l¢2 - n1_2_/(_R 2)

The required tube thickness is then

t = PD/4_ (5)all

; 73

!

,-- ......w iW ..... " " ' '

1971004562-092



The average tube thickness_ given by

= 0.5 (tINLET + tOUTLET)

is then used to obtain the average tube thickness. The expression for tube

weight is

WT = WHEAT TRANSFER (TT/tHT)
l

The tube geometry determined by the heat transfer anaiysls may not be
adequate for tube inertia bending lo_ds or mirimum resonance require_nents. The

tube bending stress under a uniform 24 g force assuming simple support end
conditions is

= 12 p L_/D(NB
I)2 (6)

where LT is the total length as determined by heat transfer calculations and NB

is the required number of baffles. Similarly_ unsupported span affects tube

resoqant frequency. The equation for beam frequency is

_k

where a = 9.87 for a simply supported beam and _ is the mass per length.n

,rom the expression for tube moment of inertia "

I = _D3t/8

and

= P_Dt/g

we have

0.08 D(N B I)2+ C7)
f= 2 p

LT

Equations (6) and (7) _herefore determine the minimum number of baffles required
to support the tubes for inertia loads.
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2. Baffle Weight (NB _ I)

Baffle thickness is aetermined from the governing size required for no- r
flow pan pressure load (see below) and tube inertia load at 24 g. The baffle
thickness required to support the no-flow pan membrane force_ assuming a 1.5
factor for additional stresses is

t = .5 Po LT/(NB + l)¢all (8)

I

Since the baffles support the tubes tMey must sustain a 24-g tube load. The

requ,Fed baffle thickness for tensile loading is

t = 24 WTIL N aall(N _ + I) (9)

The maximum baffle thickness determined from Equations (8) and (9) determines
baffle weight. The weight is expressed by

WB = PNBLNLF'_B

3. Header Weight

The weight of the headers_ consisting of a flat plate and semicircular
cap_ is determined for inertia loads and internal pressure. The no-flow_
outside flow length_ and number of passes on the tube side are used frGm the
heat transfer analysis. Tube and baffle weight from the above calculations is
used for the inertia loads and resonance estimates. It is assumed that header

thickness always exceeds cap thickness due to disconti.uity stresses at the
joints of the two parts. The minimum thickness for either section is assumed
to be 0.025 in.

Cap wall thickness must be sufficient to withstand intern _-_ pressure.
Considering the hoop stress of a cylinder and adding a 1.5 concentration factor
for local bending_ the required thickness is\

t - 2aal ! = (I0)

where ths outside flow length, LF, divided by one-half the number of passes,

Np_ gives cap diameter.

The maximum inertia stresses occur when the loads act parallel to the
tubes, The header3 share the tube load equally with a cantilever span equal

to 0.5 t F. The average pressure per unlt area at a 24 g amplification due to
the tubes and baffles is

p = 24WTB/2LNLF_ psi

IF:75



The expression for maximur, bending stress is

2

PLN 9WTBLF

8Z LNt2

or required thickness is

I

t = 3(WTBLF/LN_al I (II)

The header plate must be sized so that no resonances less than 50 Hz will
occur. For a cantilever beam

f = 0,56 [_----_I 4
_k

The average mass par 'Jr.!tarea due to the tubes and baffles and the plate

bending sPctic:_ moment of inertia are

I = t3/12 _ = WTB/2gLFL N

Combinirg_ the required thickness of the header plate for a span of 0.5 LF is

t = 14.4 LF(WTB/LNgE) I/3 (12)

4. No-Flow Pans

Paps ar_ required on the no-flow sides to contain the gas outside the
tubes, The pans are designed for the gas pressure load. In addition_ a flow
guidej considered to be part of the pan assemblyj will be used to prevent
bypass of the tubes. The guide will be considered as an unpressurized flat
plate which _ust sustain inertia loads and avoid resonance vibrations.

The pan is assumed to be semicircular with diameter equal to the smaller i
of the unsupported tube length or flow length, A 1.5 factor is added to the
hoop stress to account for joint pressure benoing stresses_ thermal stresses3
and inertia stresses. The circumferential stress with the 1.5 factor_ assuming
the unsupported tube length governsj is

= 1.5PoLT/2t(N B + I)

The required thickness is

t = 0.75 PoLT/aall(N B + I) (13)
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The flow guide is considered to be a flat sheet so the bending --vess for

a 24 g load on a simply supported span equal to unsupported tube length gives
a required thickness of

t = 18 p LT2/aal I i24B + I)2 (14)

The minimum natural frequency limitation is obtained from the same equation
used above for the tubes

/

VgE t3 )4
f = 1 57 (NB �I

• 4

12 pt LT

So the required thickness for a minimum of 50 Hz is
2

t = I10 Eg (15)

To account for longer spans where intermediate supports would be beneficial
(while increasing complexity), the flow guide thickness was limited to the
pan thickness obtained from Equation 13 or pan minimum acceptable thickness.

5. Support Beam

As shown in Figure 3-38_ a support beam connects the mount po!nts on either
side of the unit. This beam is required to establish the boundary conditions
used for the tubes and headers in the above analysis. The weight of the two
rectangular box beams_ added to the tubular core weight, reflects this need _.
for header and tube support•

Each box beam is assumed to support one half of the weight of the tubes,

headers_ and no-flow pans for inertia loads and minimum resonance requirements.
The box was assumed to have equal thickness sides with lengths equal to 1.5
times the diameter of the header caps. The required thickness for a 24 g
inertia load on the core was based on fixed endeJ beam conditions since the

brackets do not have to be placed at the extreme, ends. Using a span equal to
the flow length outside the tubes_ the required thickness is

2t = O.063LNWTBHpN I%IILF (16)

where WTH P is the combined weight of tubes_ headers_ and pans.

The 50 Hz minimum resonance requirement also applies to the beam. The

required wall thickness for this condition is

6 3 3 3
t = 5.0 LNNpWTBHp/gEL F (17)
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Weight Results Summary

Design procedures for obtaining tubular heat exchanger weights similar to

the above were developed for several core models depending on flow geometry
and heat transfer tube array. The following is a summary of weight results

for various tubular heat source_ recuperator_ and waste h_t exchangers includ-

ing descriptions of the models to indicate the variety of containment concepts

employed for these tubular units. Design conditions for the heat exchangers
are shown in Table 3-7.I

I. Recuperator

Rectangular tubular geometries shown in Figure 3-39 were investigated and

the weight results are presented in Table 3-8a. The two tube bank array shown

in Figure 3-39 was utilized to obtain a compact unit. The weight and thickness

equations in Table 2-6 were modified to accommodate the difference between the

Figure 3-38 and 3-3 ° geometries.

Recuperators enclosed with a circular shell with length equal to tube

length were considered as shown in Figure 3-40. Multipass of either the low

or high pressure gas occurs outside the tubes_ i.e._ on the shell side. An

expansion joint would be required in this design to permit tube movement

relative to the shell but was not incorporated in the analysis. Core diameter

for structural analysis was roughly the mean between the no-flow length a,ld

the equivalent diameter for a circular with area equal to (LNLF). Design

equations for thickness and weight of the tubes and baffles (for flow distribu-

tion and/or support)_ flat circular header plates_ and cylindrical shell were

developed. The resulting weights for a limited number of cases for high-

pressure gas outside the tubes is presented in Table 3-8b. Table 3-8c shows _
the results for the same four cases with the high-pressure gas inside the
tubes. The latter case generally results in the lighter design partly because of
the dependence of the heavy shell on gas pressure,

2. Waste Heat Exchanger

Tubular waste heat exchangers of rectangular type having multipass flow
on the tube side were analyzed usipg the model in Figure 3-38. The support
beams are placed between the two cores in this unit which is redundant on the
liqu!d side (see Figure 3-38), The weight results for four waste heat exchanger
cases are summarized in Table 3-9a.

3. Heat Source Heat Exchanger

Heat source heat exchangers of the rectangular tubular type were analyzed

utilizing a single bank of tubes rather than the folded arrangement in Figure

3-40. Equations similar to those in Table 3-6 were used to obtain weights.
The results for several cases are shown in Table 3-I0. These results were used

to estimate weights of other designs of the type by using the appropriate ratio

of tube weight (from heat transfer analysis) to total core weight.
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TABLE 5-7

DESIGN CONDITIONS

a. RECUPERATOR

Temperature_ OF Gas Pressure_ psi

, Case Inlet Outlet Outside. Tubes Inside Tubes

IV 1229 487 i 25 228

IX I 205 487 56 105

I V-A 1229 407 575 684

IX-A 1205 487 165 504

b. WASTE HEAT EXCHANGER

Temperature_ OF Pressure_ psi

Case InIet Out Iet Gas Liquid

I V 487 140 125 75

IX 487 140 56 75

I V-A 487 140 575 75

IX-A 487 140 165 75

C. HEAT SOURCE HEAT EXCHANGER

I Temperature3 OF
Presstlrej

Inlet Outlet psi

Case Tubes_ Headers Pans_ Beams Tubes_ Headers Pans_ Beams Gas Liquid

IV 1570 1200 1670 1600 228 30

IX 1570 1200 1670 1600 105 50

IV-A 1570 1200 1670 16t_O 684 30 i

I X-A 1570 1200 1670 1600 304 30
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1- ii
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Figure 3-39, Rectangular Tubular Recuperator Geometry
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TABLE 3-8

TUBULAR RECUPERATOR WEIGHT SUMMARY

a. RECTANGULAR TUBULAR MULTIPASS ON TUBE-SIDE (FIGURE 3-39)

* 1 Item Weightsj Ib

.1 AP/P_ LN_ LF_ I LT_ Tubes and Core
- Case Percent In. in. in. Baffles Headers No-Flow Pans Support Beams Weight, Ib

#

i 60 27 10.4 510 250 70 30 860

IV : 40 30 10.9 410 180 90 30 710

3 31 32 II.B 390 150 I10 30 bBO

0.5 80 75 24.2 2420 1740 250 530 4940

IX l 52 82 26.3 1890 710 320 370 3290

2 44 87 21.9 1380 660 250 310 2600

1 34 38 13.5 1040 870 190 90 2190

IV-A 2 22 43 15.0 850 720 260 I00 1930

3 17 46 16.2 750 640 320 I00 1810

0.5 25 95 45 3000 1760 1270 I 600 6630

IX-A I 17 104 48 2420 1450 1320 [ 580 5770
2 11 116 53 1920 1200 1840 I 640 5600

I

I
_LN = _ __(LN)HEATTRANSFER_ Two Banks of Tubes

b. CIRCULAR TUBULAR_ HIGH PRESSURE GAS OUTSIDE THE TUBES (FIGURE 3-40)

Item Weights_ ib

&P/P, LN_ LF_ LT_ Tubes and Core

Case Percent in. In. In. Np NB Baffles Headers Shell Welght_ Ib

IV 2 48 15 77 8 8 710 760 1390 2860

IX 2 46 23 375 8 2_ 3460 1380 3180 8020

IV-A 2 25 I0 104 8 16 620 240 1730 2590

IX-A 2 50 16 145 8 16 2030 1180 3480 6690

c. CIRCULAR TUBULAR, HIGH PRESSURE GAS INSIOE THE TUBES (FIGURE 3-40)

I J Item ;#eights_ib
&P/P, LNp LF' LT_ Core

Case Percent In. In. In, Np NB Tubes and Headers ShellBaffles Weight, IbI

IV 2 26 I I 260 81 16 620 430 900 1950

. IX 2 62 13 350 8 24 2590 3130 2040 7760

; IV-A 2 19 7 220 I0 ?.0 350 190 II10 1650

: IX-A 2 54 8 240 8 24 1860 1950 2830 6640

{
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: $-55139

i Figure 3-40, Circular Tubular Recuperator Geometry
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TABLE 3-9

WASTE HEAT EYCHANGER WEIGHT SUMMARY

(2 CORES FOR REDUNDANCY_ FIGURE 3-38)

a. Core Dimensions and Weight

, Item Weights_ Ib Core

_p/p_ LN' LF,(1) LT,
Tube% I

No-Flow Support Wei9htj
Liquid and

Case Percent In. in. in. Np Baff es I Headers Pans Beams Ib

IV 0.75 28 34 24 40 800 370 70 _0 1280

IX 0.75 30 16 52 30 870 130 40 50 1250

IV-A 0.75 15 44 34 40 900 410 360 20 1690

IX-A 0.75 23 28 38 40 370 260 90 30 1250

(1)LF = 2 (LF)HT and Np = 2 (Np)HT since there are two cores

TABLE 3- I 0

HEAT SOURCE HEAT EXCHANGER WEIGHT SUMMARY

(GEOMETRY SIMILAR TO FIGURE 3-40)

........... Item Weigh% Ib
I .

Tube Np &p/p, LN, LF, LT, Tubes,Liquid and Headers No-Flow Support Core
Type Case Percent in. in. In. BafFles Weightj Ib Pans Beams Welght_ Ib

SFT-17* IV I 0.25 18.3 2.5 16.5 55 6 9 3 73

I 0.50 14.0 3.3 16.7 56 6 12 4 78

2 1.00 12.0 3.7 14.2 41 7 25 5 76

2 0.5 IZ.5 2.9 17.5 46 3 12 I 62

IX I 0.5 19.1 2.1 19.3 33 B 6 _ 69

Iv-A I 0.5 11.7 10.8 5.8 50 47 45 12 154

2 0.5 10.7 10.8 4.9 39 30 38 2 109

Ix-A I 0.5 15.7 3.7 13.2 50 II 24 5 90

SBI25100 IV 2 0.5 15.9 2.8 22.4 116 8 22 I 147

i ,i
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PRELIMINARY CONFIGURATION STUDY

A brief study was conducted to examine various configurations for the
HXDA/TAC. In the absence of an installation requirement the arrangement of

the HXDA components is somewhat arbitrary. Figures 3-41 through 3-47 indicate
some of the possible confiqurations of the HXDA components. These configura-

tions employ heat exchanger designs based on the Case IV conditions. The most

compact of these configurations appears to be configuration 2_ which is similar

, to the current Braytor_ cycle units. As shown in these sketchesj the heat

source heat exchangers are located approximately 20 ft from the rest of the

Brayton cycle equipment.

|
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SYSTEM OPTIMIZATION STUDY

Figure 3-48 is a curve showing the optimization of the pressure drop split
between recuperator and waste heat exchanger for Case IX. The plate-fin
matrix was selected for both the recuperator and waste heat exchangers. The
solid lines in Figure 3-48 represent the variation of total weight with total
fractional pressur_ drop for fixed values of the waste h_at exchanger frac-
tional pressure drop. The dashed lines are the loci of minimum-weight
combinations and thus represent optimum variations of the pressure drop split,

I

Based on Figure 3-48_ a selection of components was made for the Cas_ IX
system. Of the total 4-percent fractional pressure drop available to the
HXDA and HSHX_ an allowance of 1.25 percent was made for the ducting_ and the
heat source heat exchanger was allotted 0,25 percent (an actual minimum-weight
split would result in somewhat less than 0.25 percent in the HSHX). With
2.5 percent remaining for the recuperator and waste heat exchanger_ Figure 3-48
indicates an optimum split of approximctely I percent for the waste heat
exchanger and 1.5 percent for the recuperator. With these pressure drops_ the
three heat exchanger designs are shown in Figure 3-49. A layout drawing of
this system is shown in Drawing L198430.
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SUMMARY AND RECOMMENDATIONS _-

From the results of the Task-I studies presented in this section,

AiResearch made the following recommendations of ground rules fo._ _he Task-2

studies, to the NASA-Lewis program office:

I. Heat Source Heat Exchanger

, (a) T-Ill tubes

(b) Cb fins

(c) O.SO-in. OD tubes

2. Recuperator

(a) Plate-fin

(b) Plate-fin and tubul.ar precooler for high pressure cases that

pure plate-fin cannot accommodate

3. Waste Heat Exchanger

(a) Plate-fin, Cu or Ni fins

'_ (b) 15 percent UA margin required for variable Cp

4. Configuration _

(a) Approach of Configuration 2 (Figure 3-42)
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SECTION 4

DESIGN OF 24 BRAYTON CYCLE HXDA'S

INTRODUCTION

The objective of the Task 2 effort was the definition of optimum heat
exchanger designs and configurations for the 24 Brayton Cycle design points

of Figure 3-I. Of the recommended ground rules for Task 2 that evolved in the

previous studies_ all were accepted except for the waste heat exchanger. A

tubular heat xchanger design approach was desired by NASA for the waste heat

exchanger.

At this point in the program it was decided by NASA to reorient the study

to also consider HXDA's which would be suitable for application to the SNAP-8

reactor power and temperature leve|s. As a result of this decision NASA

redefined the 24 design points to be considered in Task 2 as shown in

Figure 4-I. This matrix includvd 9 of the origina! cases and 15 cases involving

the SNAP-8 reactor operating conditions. The major operating design conditions
defined for each of the 24 design points are shown in Table 4-I. The design

requirements that were imposed on the heat source heat exchanger and waste

heat exchanger are shown in Table 4-2.

Component Design Approach

The studies conducted in Task I (Section 3 of this report) were reviewed

in light of the revised system requirements_ and the following heat exchanger

design approaches were adopted for the various system heat exchangers.

m Recuperator (for both advanced systems and SNAP-8 systems)

(a) Counterflow; plate-fin; rectangular offset fins; rectangular
end sections

(b) Recommended material:

Hastelloy X - Advanced systems

Hastelloy X - SNAP-8 high pressure systems

347 SS - SNAP-8 low pressure systems

(c) Fin thickness: determined by structural requirements

(d) Plate thickness: O.OO8-1n. thick (adequate for all pressures)

(e) Side plate thickness: 0.060 in. (adequate for all pressures)
Lr
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Figure 4-1. HXDA Study Matrix (Revised)
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TABLE 4- I

SYSTEM OPTIMIZATION PARAMETERS FOR TASK 2

Working fluld: He - Xe mixture Molecular Weight: 39.94

Recuperator effectiveness_ E 0.925
i

rat io,(P4/Ps _-/RPM 0.275/24,000 0.60/36,000Pressure-to-power

Problem designation (case number) I II III IV V VI

System loss pressure ratlo_ L 0.92 0.94 0.96 0.92 0.94 0.96

Recup. low-pressure (hot) side inlet temp (T2) _ OR 1689 1676 1663 1689 1676 1663

Recup. low-pressure (hot) side inlet pressure (pz)_ psia 57.3 _ 56.7 _ 56.1 _ 125.1 _ 123.8 _ 122.5 e

Recup. high-pressure (cold) side inlet temp (T5) _ oR 947 947 947 947 947 947

Recup. high-pressure (cold) side inlet pressure (p5) _ psia 104.5 104.5 104.5 228.0 228.0 228.0

Working fluid mass flow rate (w)_ Ib/sec 12.29 11.14 10.21 12.29 11.14 10.21

Lithium mass flow rate_ Ib/sec 6.56 6.11 5.75 6.56 6.11 5.75 , -

p

Working fluid: He - Xe mixture Molecular Weight: 83.80

Recuperator effectiveness_ E 0.925

Pressure-to-power ratio,(p4/Psf_/KPM 0.80/24,000 1.28/24,000

Problem designation (case number) I-A II-A III-A 8-IA 8-IIA 8-ILIA
- y_.

System loss pressure ratlo_ L 0.92 0.9_ 0.96 0.92 0.94 0.96

Recup. low-pressure (hot) side inlet temp (T2) _ OR 1689 1676 1665 1320 1510 1500

Recup. low-pressure (hot) side inlet pressure (p2) _ psla 166.8 e 165.0 _ 165.5 _ 225 225 220

Recup. hlgh-pressure (cold) side inlet temp (Ts)_°R 947 947 947 784 784 784

Recup. hlgh-pressure (cold) side inlet pressure (ps), psla 504.0 504.0 504.0 410 410 410

Working fluid mass flow rate (w)_ lb/sec 25.79 25.57 21.42 51.67 28.55 25.72

Lithium (heat source) mass flow rat_, Ib/sec 6.56 6.11 5.75 (I) (1) (I)

_Nomlnal value based on equal pressure losses for high and low pressure streams and a compressor

pressure ratio of 1.9. Final value to be based on optimized pressure loss dlstrlbution.

(I)NAK
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TABLE 4-1 (Continued)

Working fluid: He - Xe mixture Molecular Weight: 39.94

Recuperator effectiveness_ E 0.925

ratio,(P4/PsH_RPM 0.42/24,000 0.95/36,000Pressure-to-power

Problem designation (case number_ 8-I 8-11 8-III 8-IV 8-V 8-VI

System loss pressure ratio_ L 0.92 0.94 0.96 0.92 0.94 0.96

Recup. low-pressure (hot) side inlet temp (£2), °k 1320 1310 i_hO 1320 1310 1300

Recup. low-pressure (hot) side inlet pressure (p2) _ psia 74.0 73.3 72.5 167.0 166.0 163.0

Recup. high-pressure (cold) side inlet temp(T5) , OR 784 784 784 784 784 784

Recup. high-pressure __oid) side inlet prassure (p5_ psia 135.0 135.0 135.0 304 304 304

Working fluid mass flow rate (w)_ Ib/sec 15.09 13.51 12.26 15.09 13.51 12.26

NAK (heat source) mass flow rate_ Ib/sec ......

Working fluid: He - Xe mixture Molecular Weight: 39.94

Recuperator effectiveness_ E 0.950

Pressure-to-power ratlo,(P4/Ps_/Rp M 0.42/24,000 0.95/36,000

Problem designation (case number) 8-VII 8-VIII 8-IX 8-X _-XI 8-XII

System loss pressure ratio, L 0.92 0.94 0.96 0.92 0.94 0.96

Recup. low-pressure (hot) side inlet temp (T2) _ OR 1320 1310 1300 1320 1310 1300

Recup. low-pressure (hot) side inlet pressure (p2) _ psia 74.0 73.3 72.5 167.0 165.0 163.0

Recup. high-pressure (cold) side Inlet temp (T5) _ OR 784 784 784 784 784 784

Recup. high-pressure (cold) side Inlet pressure (ps) _ psla 135 135 135 304 304 304 i

Working fluid mass flow rate (w)_ Ib/sec 15.09 13.51 12.26 15.09 13.51 12.26

NAK (heat source) mass flow rate_ Ib/sec .......

104
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TABLE 4-2

HEAT SOURCE AND HEAT SINK HEAT EXCHANGER DESIGN REQUIREMENTS

SNAP-8 Advanced
Systems SystemsHEAT SOURCE HEAT EXCHANGER

I. Hot Fluid NAK Lithium

2. Inlet Temperature 1625°R 2130°R

3. Exit Temperature 1455°R 2030°R

4. Max. Pressure Drop (Hot Fluid) 5 psi 5 psi

5. Gas Outlet Temperature 1610°R 2060°R

6. Hot Fluid Pressure 80 psi 30 psi

WASTE HEAT EXCHANGER

I. Effectiveness 0.95 0.95 '

2. Coolant Dow Cornlng Humble Fluid
ZOO (2CS) 3152

" 3. Coolant Pressure Drop I0 psi I0 psi

4. Coolant Pressure 75 psi 75 psi

5. Gas Outlet Temperature 580°R 700°R

b. Capacity-Rate Ratio 0,90 0,90

l 105

|

1971004562-126



• Waste heat heat exchanger (for both advanced systems and SNAP-8
systems)

(a) Tube type (0.156-in. tube OD; O.O08-in. wall thickness)

(b) Finned tubes (347 stainless steel tubes;
O.O03-1n. thick copper fins; 30 fins/in.)

(c) Tube matrix

Outside: SFT-18_(O.366-in. tube spacing; O. 183-in. row

spacing; 0.234-in. fin diameter)

Inside: flap turbulator (0.005 in.,thick)

(d) Pressure drop: IO.O psi (liquid)

(e) Eight-pass cross-counterflow on liquid side

(f) Folded on gas side when required

(g) Two independent redundant cores

• Heat source heat exchanger (advanced systems)

(a) Tube type (0.50 in. tube OD; tantalum T-Ill tubes;
O.02-in. wall thickness)

.! (b) Finned tubes; 30 fins/in.; columbium fins

(c) Tube matrix '"

Outside: SFT-17 _ (I.145-In. tube spacing; 0.813-in. row

spacing; 0.942-in. fin dia)

' Inside: plain tubes

(d) Pressure drop: _ 0.5 psi (liquid)

(e) Two-pass on lithium side

(f) Located remotely from heat exchanger package

• Heat source heat exchanger (SNAP-8 systems)

(a) Tube type (0.50 in, Cube OD; Haynes 25 tubes;
O.02-in. wall thickness)

(b) Finned tubes; 30 fins/in.; nickel fins

I06
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(c) Tube matrix

Outside: SFT-17*(I.145-In. tube spacing; 0.813-in. row
spacing; 0.942-in. fin dia)

Ins=de: plain tubes

(d) Pressure drop: 0.5 to 1.0 psi
v

(e) Four-pass on NAK side

If) Close coupled to heat exchanger package

System Evaluation Approach

Examination of Figure 4-1 reveals that of the 24 design points_ 8 design m'
points differ only in respect to pressure loss ratio from two adjacent cases.
These cases_ associated with a pressure loss ratio of 0.94_ were designated
as prime cases and consist of the following case numbers:

(1) 8-VIII

(2) S-II

(3) 8-xi
8-v

(5) 8-II-A i

(6) II i

(7) v ; ,,
(8) II-A

These eight design cases were considered tp be representative of all
24 cases of Task 2. The other 16 cases involved different system pressure
losses but only minor variations in the cycle conditions of temperature and
flow. Thus_ the variations of size and weight with pressure drop established
for the eight prime cases were used in determining the optimum system design
points of the additional 16 design cases. Corrected conditions were used for
final sizing of all design point cases.

The cycle conditions for the eight prime case are given in Figures 4-2
through 4-5.
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HEAT EXCHANGER DESIGN ANALYSIS

This subsection presents the parametric data developed on the three

system heat exchangers for the eight prime cases selected for detailed analysis.

Recupe rator

The recuperator geometry selected for analysis consists of a Dure counter-

flow section and rectangular inlet and exit end sections as shown in sketch

' (a) below. The pure counterflow section of the recuperator is a rectangular

parallelepiped. From a heat transfer and pressure drop standpoint_ the

counterflow section of the recuperator can be analyzed with an equivalent

rectangular geometry as shown in sketch (b). This counterflow length is

referred to as the core of the recuperator since it is assJmed_ conservatively_
that no heat transfer takes place in the two end sections.

GAS- IV-__ _-y_ GAS- l-4_v "_" _m; -_-W "GAS-2 -

A _ = GAS COUNTERFLOWLENGTHI
GAS-2 w = WIDTH

(D= END SECTIONS

(a) (b)

ACTUAL RECUPERATOR GEOMETRY EQUIVALENT COUNTERFLOW SECTION

I. Counterflow Core Analysis

Recuperator counterflow core weights as a function of total fractional

gas pressure drop were prepared for the eight prime system design conditions.

These data are presented in Figures 4-6 through 4-13, Parametric weight data
were developed for a variety of fin sets for each design condition as indicated
on these figures. The fin sets used are listed on each figure and can be
interpreted as follows: (fins/inch) (fin geometry) - (fin height or plate

spacing) - (offset length). The letter R stands for a rectangular fin

geometry. Fin thicknesses vary from case to case and are based on structural

requirements as described in Section 3. Hastelloy X is the material of con-
struction for all advanced system cases and for the high pressure SNAP-8 cases

(8-V, 8-XI, and 8-IIA). For the low-pressure SNAP-8 cases (8-1I and 8-VII_)j

the construction material is 347 stainless steel. Stainless steel is preferred
for its lower density_ higher conductivity, and lower cost in cases where

structuralIy required gege thicknesses are less than the minimum gage required

112 t_

1971004562-133



1200

o I100

Q

I000

900



I000

900

800

600

500

400 ....
I 2 3 /,

TOTAL FRACTIONAL PRESSURE DROP, PERCENT
S-59090

114 Figure 4-7. HXDAPla¢e=Fin Recuperator_Case8-II

-'a_.:----........'::--'-- I• -.-_._.._ .. _""_._,:"J_.:"ilP"W. ...... -.=-_
-..--___-._--............____---..-. --_

1971004562-135





9°_--i----i-_i'_:_:' I_: _ I .i._r_:i.i_ _._ _,-',_ ........:..........................

3, 20R-.075-1/10 20R-.075-1/10 __
_,. zoR-._oo-_/s zoR-.oTs-I/Ioi_:i:-:i::':!

' ,o,-.,oo-,/,, ......q
_= ..o

: : : i• : ! ! :
5 t) _ :

7C: _t................................ - ............ '.... '....... _............... -- " : :!
._'_ _ ; ' i ; :..... ,; . . . ._ , . ',. ,; .. , i ...... • ............. ,I

• 1-_"" ........" .... ;........_...... " _' ; _..... :. .... ..L : - .......
.......... ; ,;, ; .... ; . '=..... ! ................... • ..... _ .

___. "".i : . , . : . ; :. i • • : : .

"_ ......... ;..........."-.........;...... ' ............. :;.-.:-.-3 _...... .:.........i.........;..............i ..... ".:-....... i .....

p,.. . ; • . ! . . ; ! ! : . , ;
:_ : .... _"': .......... ; .....:" ":'"';....... i .......l....... "- ...... _. "7-'7".-7"-'-'-F ....

_ \\. '....! .. t ......... i...' :. !.. _.... L..:." ...... i'....... :
"' '_t_....-'_ • I ' i ' ' ' ; '; ' : '.. . l , , ;° .,.or,.......-----'_---,_.....": i ......-.:.---- ....::-':-:" --- . _!.;- -"-

: _ _ .. , : • I : • i ! " I ;.... :: ;.'" : -
i ' k't,_. :"_'_i :' !'":' ! '"::!'": ; "' : " "i:':"'i'"!:"!' : ':"Y"'i!'l .....

.....+..............
....... "_ .... I I .... , ! .. I ......o _ :_.: .._._.._i.. _! . :_..,._.:,_:,:_.I. _...-_.-_:,::._:!_: ,t_:_:_-:::.":::l.....

...... ".... ;--_.,. .... .. _ " .}.'- -. i.... I. i | :: I -'--_":'.-m.;t--_.'.. --.-=---
; . t._\ ....%: ' .1 _... i " , i _:1. i.::_ :.... , .. :.. : ..... _.............. :,, ", ;, ," .......... |'.'.;...,.,,,;',.;,; ............ -- :_.;-:;,.... ......• . . . ' ...... , ' .......I • • : • I : ' _ : : ':" .' : ; .:. :.':'.."! •

.503 ....... **" ":............ _ "_-"_ "_-:_ ..... _ "i ........ _'-"-"_ :!::'' ";": '"" "_' !• i " " " i "' "' " ' "_ :' : I• , X\%% t . : ...... ::., : • : ... =...
• ' }' ';.. _.... : :.-'.:::'%'_-_ _" -:" i" !' !:i:!:'::_,".:":""i .... '}""!-:_'.:: .....

• : .-" ' ,; : !.'1_;"_ _ "_, ...... :."!; :;i'"";" ' ;".'" '" '

:"i!".,i ":.i".... :..! i:/: .-. : ...._ :.;ii-.i;---i
........... ! 'i "'i"-'i " "-":" :

• , • ,, '1 "'. ....

i..::L!L:
400 .:._..L..__J...... L_ .._L-:

:....!...::.:..i.L.:I..:.!..J..:L.!..i.Lj :I:,'..-::
• : : : :': ; ": "=::i' ':'

• " I' '!' _ :' i"!::'" r'"i':"; :":i':-_-'---'-:"i":" ":!.... '-'-'P=i:.'_- -:P:_i_:-_! .:.:.;!.z-:.=:i::.-;.-.I
, ! 'i' :' ' i 'i .I .:i "l':"i:::.r _';:i: .: "I ._P:ii:-'-::.,!'i:'!_,'i:;_,".'.';::_t!:i:_iii iL"!_:.ii',i".

• : '.i'ii . ,. i:::: i_:!l ,; i!:!iHi: _;';i::::: ,. _." ; ..::'.: . :::HL'_:::i:::::':: ::'it::", ".,'::"::. :':';*::':" ""':! _i_:"!!.:l::.'i ....
•., ._:.:; . :::! .:,...lii!::::::l:..::::..:l:.-,::::1..._.:.'.t_:::_...,:.:.-_;:_-_1::_,;.:':__::_.::.:.::"'T"_:'. r"....... ----".:i'{:';:.:::_!,-'=.":....._.... 7".:"."':::::: ::":.:T'-:':.=._,..."_'=::_":::.:;:it::_'...:,'_, ."'..'t_=i:: :.m.:. " ::

--" ' .:.: I :':i' _': i : _::_':':"'':' ;:'::: ":: ':': ";:" : ';"';:": ::' _"': ":;.i:::: ::.1._:; ;:;i,_:::".":.. :"l',-:._ "...................... ,..................._..,.,.!.........1......I.......................
300

I 2 5

TOTALFRACTIONALPRESSUREDROP_PERCENT
S-59085

Figure 4-9. HXDA Plate-Fin Recuperltor_, Case 8-V116

'_nl_, -__ . -.-....-- ,,.."="' '_ -- _:._"=' Jl___. _:" ' '_ _'_ ....... _ :;..... " ..... I

197100456





Figure 4-11. HXDA Plate-Fin Recuperators_ Case XX
lie

1971004562-139



800

700

400

3OO I 2 3 4

TOTALFRACTIONALPRESSURt_DROP_PERCENT
So59087

Figure 4-12. HXOAPlate-Fin Re uperator_ Case V
;\

119

|

1971004562-140



500
! 2 3 4 -

rOTAL FRACTIONALPRESSUREDRG? PERCENT
S-5_084

Figure 4-13. HXDA Pllte-FIn Recuperator_ Case II-A
120

- .... | !

1971004562-141



for fabrication. For this study_ minimum gage f!n thickness was based on a

minimum fin area density (i.e., fin thickness + fin spacing) of 0.0_. Where
structurally-required thicknesses exceed those required for fabrication,

Hastelloy X is usually superior to stainless on a weight basis because of its

greater strength.

The optimum heat exchanger core is _de up of that fin-set which yields
a minimum weight for a given core total fractional pressure drop. The

envelope of minimum-weight solutions is in general _de up of several different

fin sets depending on the assigned pressure drop. The optimum solutions _orI

the eight design polntsare associated wlth the lowest weight values appearing
in Figures 4-6 through 4-1J.

Core dimensions for the optimum (i.e., minimum weight) recuperator cores

are shown in Figure 4-14. A stack height of twice the flow width was used.

This will have a minimum effect on comparative weights and was selected

primarily to obtain a reasonable packaging configuration.

2. End Section Analysis

An analysis was _de of recuperator end section designs to determi:'e end

section weight and pressure drop for inclusion in the curves of recuperator

weight vs pressure drop. The following derivation, based on rectangular end

sections, results in an approxi_tion that is suitabie for parametric repre-

sentation of the end sections in the system optimization studies. During

final design of a specific recuperator, further analysis would be required to

determine both the exact end section pressure loss and the optimum end section E
dimenslcns for achieving uniform flow distribution in the recuperator core.

End section and core pressures losses for the recuperator high pressure ,
side are given by

W2

g W-

APc = 4fc_¢ x_ c2pgA

i_ 121
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where AP = total pressure drop_ including friction and kinetic effects

f = friction factor

= recuperator core flow wldth

= recuperator core flow length

D = flow passage equivalent diameter

W = gas flow rate

p = gas density

g = gravitational constant

A = gas flow area

and subscripts e and c refer to end section and core_ respectively.

HP IN

W

HP OUT s-59.1,98

|

Figure 4-15. Recuperator Geometry Definition
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Figure 4-15 is a sketch of a recuperator h!gh-pressure side sandwich,
showing the dimensions _, _, and x, and the end section height. Using the
approximations

D = D
C e

A
C w

A x
e

f
e N

f - I/5
C

The ratio of end section to ¢oi'e pressure loss becomes

AP 3
e _

_ = 0.3 _ (high-pressure side)
c _x 2

On the low-pressure side of the recuperator

AP
e x

Apc - _ (low-pressure side)

Aasuming

L.P. Pressure = 0.54 x H.P. Pressure _

and L.P. &P _ H.P. AP
C C

the fractional pressure losses become (where APTc = recuperator total core

fractional pressure loss, including high and low pressure sides)

AP AP AP 5 3
e _ e x c = 0.3 _ 0.54 - 0.105 _ '_

APTc &Pc B-_Tc _x 2 ' + 0.54 -_ (high-pressure ..

and APe APe &Pc _ x I

- x APTc 1 x I + 0.54 - 0.65 i (low-pressure side)APTc APc

Letting APTe = total end section fractional pressure loss,

APTe =

124
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To obtain the end section dimensions for minimum end section pressure Ioss_ let

d (APTe/APTc) =0

Then 0 = 0.65 - 0.21 (wl_)3
1

(x/L)3

, and x = 0.69 u for minimum pressure drop.

Solving for the end section pressure loss at x = 0.69_

APTe w

APTc - 0.67 [

For convenience in computatlon_ the following equations are used:

Total Ap = (I + 0.68 _) x core Ap

Total weight = (I + 0.68_) x core weight

where it has been assumed that weight per unit length of the recuperator end
Rection equals weight per unit length of the core.

3. Summary

Total recuperator weights and dimensions were calculated from the data ,
developed on the counterflow cores and the end section analysis presented in
the previous subsection. The total weight and overall recuperator dimensions
are shown in Figures 4-16 and 4-17 respectively. For cases II and 8-IIjsystem
studies indicated that a considerableweight savings could bP obtained by
going to a face aspect ratio of 4:1 on the recuperator. With a face aspect
ratio of 4:1 it appeared to be reasonable to split the recuperator to maintain
a more compact packaging arrangement. Splitting the recuperator means using
two independent recuperators_each handling one-half of the system gas flow.
Splitting the 4:1 face aspect ratio cores results in an overall face aspect
ratio of I:I when the two cores are placed slde by side. This results in a
more favorable packaging arrangement. The weight and dimensional data for the
split recuperator design approdch are designated by the letter S following
the design case numbers in Figures 4-16 and 4-17.

l
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Figure 4-16. Variation of Total Recuperator Weight With Pressure Drop
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Heat Source Heat Exchanger
i

I. Advanced Systems

The preliminary work performed in Task I (Section 3) was applicable to
the heat source heat exchanger (HSHX) for the advanced systems of Task 2

(i.e._ Cases II_ V_ and II-A) since the temperature levels were not changed.

The basic approach selected for the heat source heat exchanger from Task I

was a rectangular array of finned tubes with the lithium flowing inside the

, tubes as illustrated in Figure 4-18. The lithium makes two passes across
the gas stream in a counter-crossflow direction to the gas stream. The tube

OD was selected at 0.50 in. with a wall thickness of 0.020 in. for liquid

metal containment. The tube material was tantalum alloy T-Ill and the fin
material was Cb-I_Zr. A fin thickness of 0.006 in. was also selected.

With the above assumptions parametric weight and dimensional data were

prepared for each of the three advanced HSHX prime design cases. This

information is given in Figures 4-19 through 4-21 for Cases II_ V and II-A

respectively. These figures present heat exchanger weight_ dimensions_ and

number of tubes as a function of heat exchanger total fractional gas pressure

drop. The weights are given in terms of a core adjusted weight which includes

the tubes_ tube sheets_ liquid manifolds_ gas pans_ and supporting structure.

The gas manifolds were assumed to be part of the ducting system and are treeted

separately in a subsequent section of this report.

2. SNAP-8 Systems

The design requ;rements imposed on the heat source heat exchanger (HSHX)
for the SNAP-8 systems were quite different than those imposed on the Task I

HSHX's. The lower temperatures involved permitted the reconsideration of the

HSHX mzterials as well as the type of extended surfaces most appropriate for '

this application. However_ the general approach of a rectangular array of

finned tubes_ as illustrated in Figure 4-18_ was preserved. Initially designs

employing Haynes 25 tubes and nickel fins were investigated. However_ at the
lower operating temperatures involved with the SNAP-8 system a stainless steel

clad copper fin material was finally adopted since it resulted in slgnificantly

lower heat source heat exchanger weights. By adopting a stainless steel clad

copper fin_ the fin thermal conductivity can be effectively increased. From
the structural standpoint_ a O.O03-in. copper fin with a total 34? stainless

steel cladding thickness of 0.002 in. was found to be satisfactory. By assuming

a conservative value of thermal conductivity for the copper_ to allow for the
effect of the braze joint between the fin and the tube parent materlal_ an

equivalent thermal conductivity ef 37.0 Btu/ft hr °F was computed for a O.O05-1n.

composite copper/stainless steel fin. Using this fin construction the following

staggered tube matrixes were surveyed far several of the SNAP-8 system design
points.
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Core Matrix Tube Spacing Tube Row Spacing Fin Diameter
Designation + Tube OD + Tube OD = Tube OD Fins/in.

SFT 17_ 2.29 1.63 1.88 30

SFT 18_ 2.34 1.17 1.50 30

SFT 18 1.98 0.99 I 27 30

In all cases the SFT-18 matrix yielded lower weight results consistent

with reasonable tube numbers and frontal area aspect ratios. Consequently_
this tube matrix was adopted for the SNAP-B HSHX's. A minimum tube OD of

0.25 in. was selected to avoid any problem of tube plugging by the liquid NaK.
Tube diameters of 0.25 in. and 0.5C in. were evaluated for two-_ three-_ and

four-pass cross-counterflow arrangements for a representative SN_P-8 design

point. The results of this analysis are shown in Figures 4-22_ 4-23 and 4-24

for HSHX's designed for Case 8-II, with a selected gas side pressure loss of

0.40 percent. From these figures it can be seen that low tube weight desigr,s

with good frontal area aspect ratios can be realized with a four-pass cross-
counterflow arrangement. Because of the very high liquid metal heat transfer

coefficients_ the gas side of the unit is heavily controliing_ and thus the
effect of tube diameter and liquid side pressure loss on tube weight is small.

Since the HSHX is by far the Iightest of the three heat exchangers in the system_

and since the proposed construction involves welding each tube into the headers_
there is a great incentiv_ to reduce the nu._ber of tubes_ as we,l as to achieze

a lightweight design solution. From Figure 4-24 it can be seen _hat for a tube

"D of 0.25 in._ the number of tubes is excessively high_ and in subsequent

.nalyses a tube diameter of 0.50 in. was considered only.

The effect of allocated gas slde pressure drop on the HSHX weight and '
dimensions for the five SNAP-8 design conditions is shown in Figures 4-25

through 4-29. These designs all utilize O.50,-in. dialneter _ubes, with the

3FT 18 gas side surface geometry_ and all are four-pass cross-counterfiow i
arrangements. The ]iquid side pressure losses for eech of the cases w_re chosen

to give cores with favorabl_ aspect ratios. Since a high percentage of the heat

exchanger weight is in the wrap-up of the tubes and supporting structure_ etc.,
a breakdown of the weight_ from the para_etric study is _hown in Table 4-5.

To achieve a minFmum volume system package there is a strong incentive to

design the three heat exchangers such that they can be integrated Into one unit.

In the HSHX parametric data it was determined that the liquid side pressure
loss had a smatl effect on the core weight. However_ the core frontal area

aspect ratio is a strong function of liquid side pressure loss_ and was selected

to facilitat_ _;hematching of the face area of the HSHX wlth the hlgh pressure

outlet face of the .'ecuperator.

l
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Figure 4-27. HSHX_ Case 8-X]
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Figure 4-28. HSHX, Case 8-V
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Waste Heat Exchanger

The primary heat exchanger configuration considered for the waste heat
exchanger during the Task 2 studies in the cross-counterflow_ finned-tubular
unit. In this configuration the liquid coolant makes a number of crossflow
passes on the tube side while the gas makes a single pass on the shell side of
the exchanger. The optimum number of liquid passes for the heat exchanger
design represents a compromise between heat exchanger required UA_ which
decreases with an increase in number of passes_ and liquid pressure drop3whichI

increases with increased number of passes. For the HXDA problem statement_
the use of eight passes was found to represent the best compromise between
these two factors.

To increase liquid-side heat transfer_ flap turbulators are brazed to the
tubes in ali of the waste heat exchangers calculated. The turbulators act to
increase tube-side conductance by promoting liquid turbulence_ thereby increas-
ing the film coefficient_ and by providing increased area for heat transfer.
The use of turbulators was found to be superior on a weight basis to several
other tube-side configurations studiedj which i,cluded plain tubes_ tubes with
plain strip inserts_ and ring-dimpled tubes. AiResearch has extensive test
data_ utilized for this study_ on the heat transfer and pressure loss charac-
teristics of both turbulated and ring-dimpled tubes.

The shell-side heat transfer surface in the finned tubular configuration
consists of copper disk fins brazed to the tube outer surfaces. The heat

transfer matrix was optimized by calculating heat exchanger sizes for a number "
of different fin diameters for each case. A fin thickness of 0.003 in. and

30 fins/in, were used in all cases, i

The finned tubular heat exchanger configuration is shown in Figure 4-30. _ '

lhe heat exchanger actually consists of two separate cores_ one for each i
independent cooling loop_ placed in series with respect to the gas stream. |

In addition_ in order tn obtain a favorable gas Face aspect ratio for packaging_ !each of the two cores is split into two separate modules such that the liquid

flow is split between upper and low_r tube bundles. Flow splitting on the
liquid side was necessary i_ most cases to maintain the liquid pressure drop J
within the allowable limit oF I0 psi.

The waste heat exchanger parametric data is presented in Figures 4-3i
through 4-39. The weights shown include the weights associated wlth the heat

exchanger structural design (i.e., headers, manifolds_ pans, tube supports),

which represent a large portion of the total weight of the finned tubular

unit. Because theweightsof the finned tubular configurations were found to

be quite high_ a plate-fin waste heat exchanger was also calculated for Case II

only. In this configuration_ the two independent cooling loops are integrated
into a single core. A comparison of the plate-fin and finned tubular heat

exchanger weights and volumes for the Case II conditions is shown in Figure

4-3?. It can be seen that the plate-fin unit is less than 50 percent the slze |

and weight of the finned-tubular design.
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Figure 4-33. Waste Heat Exchanger_ Case 8-XI
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Structural Design

The structural effort for the parametric analysis of 24 designs included
material selection, tube-fin design, and weight calculations for the heat source

heat exchanger and waste heat exchanger. Calculations were performed for the

eight base cases for the design conditions in Table 4-3. The basic approach

and design information developed in the preliminary work formed the basis for

the parametric analysis. Additional work performed specifically for this phase

is discussed in this section. The primary structural output was the weights

of tubular waste and heat source heat exchangers which are summarized in

, Tables 4-4 and 4-5, respectively.

I. Material Selection

The materials for the three heat exchanqers are included in Table 4-3.

Basic structural materials and secondary materials, such as disk fins required

for heat transfer (in parenthesis), are listed. Material strength properties

are provided in Appendix A-2.

Material selection followed the choices of s ...._.ural materials in the

preliminary analysis of Task I except for usin_ 347 3teel in SNAP-8 recuperators

and Haynes 25 and copper/stainless steel fins in the SNAP-8 heat source

exchanger. In the SNAP-8 recuperator designs, 347 steel could be used since

adequate strength is available for minimum gage designs at the 850°F maximum

operating temperature. Materials for the SNAP-8 heat source heat exchanger
designs were dictated by compatibility with the liqLJidmetal environment and

good strength capability. The NaK metal is corrosive to alloys with high

nickel content and Haynes 25 is a cobalt base alloy with a low nickel content.

It also has good strength, somewhat greater than Hastelloy X, at the I165°F

temperature of the SNAP-8 designs. Core weight from a structural standpoint is

primarily a function : allowable stress at the highest operating temperature, _

so that Haynes 25 prov!Qes the lightest design.

Disk fin material selection was governed by heat transfer requirements for

reducing heat exchanger size and weight; however, at the more severe operating
conditions, structural evaluaticn (see below) was required. Satisfactory

extended surface designs consisted of copper for the waste heat exchanger,
columbium for the advanced heat source heat exchanger, and copper supported by

347 steel for the SNAP-8 heat source heat exchanger.

2. Disk Fin Design

Disk fin designs were established based en inertia loads of 2_ g and a
50 Hz minimum natural frequency for the fin. The fin was assumed to be a

cantilever beam operating at the tube temperature. For th_ copper-3_7 steel

fins, it was assumed that the copper added weigh_ but no strength or stiffness.
The 347 steel strength was adequate to support a O.O05-1n. fin thickness,
0.003 in. of copp=r and 0.002 in. of steel, at the 1165°F SNAP-8 heat source

_ heat exchanger conditions. Copper and columbium fins had adequate strength at
_ minimum gage thicknesses for the waste and advanced heat source heat exchanger

conditions.

......_ , 153I I II I
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TABLE 4-3

HEAT EXCHANGER DESIGN CONDITIONS AND REQUIREMENTS

a. RECUPERATOR

Temperature_ OF Pressures_ psi

System Case Material Inlet Outlet Gas Liquid

Advanced II Hastelloy X 487 1200 57 105

V 124 228

I I -A 165 304
I

SNAP-8 8-II 347 steel 324 850 73 135

8-V or Hastelloy X 165 304

B-VIII 73 135

8-Xl 165 304

8-11A 223 410

b, WASTE HEAT EXCHANGER

Temperature_ °F Pressures_ psi

System Case Material Inlet Outlet Gas Liquid

Advanced II 347 steel 240 487 57 75

V (Copper fins) 124

II-A 165
m,

SNAP-8 B-If 347 steel 120 324 73 75

8-V (Copper fins) 165 _'

8-VIII 73

8-IX 165

8-11A 223

c. HEAT SOURCE HEAT EXCHANGER

l Temperature_ OF Pressures, psi

System Case Materiel Inlet Outlet Gas Liquid

Advanced II Tantalum T-Ill 1570 1670 105 30

: V (Cb-I Zr fins) 228

II-A 304
(

SNAP-8 6-II Haynes 25 650 1165 135 $0 tt

8-V (Copper-347 _ I

S-VII steel fins) 138 I
t

8-XI 304 J

$-IIA .410 )
I

t
I

I,
154 i

(

1971004562-175



TABLE 4-4

WASTE HEAT EXCHANGER WEIGHT SUMMARY RECTANGULAR TUBULAR (SEE FIGURE 3-38
r"

Itln Wilght; Ib

Tubes; No Flow Support
System Case _P/P Liquid Bafflea Headers Pans Beams Core

Advanced II 0.5 1530 30 390 30 160 2130

1.0 1330 30 410 30 80 1880

1.5 1270 20 440 60 50 1840

2.0 1_90 20 450 60 50 i770

I
V 0.5 1170 40 470 60 50 1780

1.0 1060 30 540 60 40 1730

1.5 I010 30 620 60 40 1760

2.0 970 30 650 60 40 1760

IIA 0.5 1520 90 670 60 50 2390

1,0 1330 80 750 60 50 2270

m 1.5 1260 70 850 70 50 2300
2.0 1210 S0 900 50 50 2260

_NAP-8 8-II 0.5 1520 30 490 30 180 2240

1.0 1350 20 540 30 90 2030

1,5 1280 20 590 30 60 1980

2,0 1240 20 630 30 60 _980

8-V O.I 1510 60 510 40 180 2300

0.2 1340 60 550 40 90 I 2070
I

0.3 1290 50 600 0 60 2050
O.S 1190 50 680 40 60 2020

1.0 mlO0 50 820 40 60 2070

1.5 ,040 40 930 50 60 2130

8-VIII 0.5 1550 30 510 "50 170 2290

1.0 1370 20 550 30 90 20@3

1.5 133& 20 610 30 60 2060

2.0 1250 20 040 30 60 2000

8-XZ 0.1 1540 60 510 40 180 2320

0.2 !560 60 550 40 90 2090

0.3 1290 J 50 600 40 60 2040

0.5 1210 ] 50 690 40 60 ?040

1.0 1120 50 850 40 60 2110

1.5 1070 40 9@3 50 @3 2170

2.0 1030 40 1050 50 END 2230

8-11A 0. I 1920 II0 I10 80 170 2990

0.2 1690 I00 760 80 90 2710

0.3 1580 90 830 80 70 2640

0.5 1450 80 930 80 70 2650

1.0 1320 $0 1120 80 60 2670

1.5 1250 70 1270 90 60 2740 i

2.0 1200 70 1360 90 60 2790



TABLE 4-5

HEAT SOURCE HEAT EXCHANGER WEIGHT SUMMARY

RECTANGULAR TUBULAR (SEE FIGURE 3-40)

Ap Outside Welqh% Ib

the Tube% Tubes, No Flow Support
System Case psi Liquid Baffles Headers PaRs Beams Core

Advanced II 0.1725 90 10 30 50 40 "20
I

0.5175 80 I0 30 40 i 40 190
/

..... 0.8625 70 I0 30 40 40 190

1.208 70 I0 30 40 30 170

V 0.377 80 20 40 80 ?3 250

1.133 70 20 50 90 40 270

;.883 60 20 40 70 30 230

2.616 50 I0 40 60 30 200

II-A 0.S BO 30 40 90 40 270

1.5 70 30 50 I10 40 300

2.5 70 20 50 I00 30 270

3.5 60 20 50 dl0 30 280

SNAP-8 8-LI 0.223 140 20 30 30 20 240

0.67 120 I0 30 60 I0 250

I.II7 I10 I0 50 50 I0 210

I. 567 I O0 I 0 30 50 I 0 200

8-V O. 5 I O0 20 40 40 20 230

1.5 90 20 50 40 20 220

2.5 80 20 50 40 20 200

5.5 80 20 60 40 20 200

i-VIII 0.223 170 20 30 60 20 300

0.6_ 120 I0 30 80 10 260
E

I.II7 120 I0 40 80 I0 260

1,567 I00 IO 40 60 20 220

8-XI 0.5 120 30 50 70 20 270

1.5 90 20 50 50 20 220f

, 2.5 80 2o _ _o 2o 2oo

3.s so 2o 6o so 2o 2=0O-ZZA 0.670 160 so oo oo so sgo
2.o_ 12o _ 9o 6o 3o 34o
3.3o3 11o _o so 6o 3o 31o
4.7s ioo 3o ioo 6o 3o 3Jo

156

! I

1971004562-177



MANTFOLD AND DUCTING ANALYSIS

An analysis was conducted to determine manlfolo and duct weights and
pressure losses as a fuRctlon of manifold and ductlng configuration and duct

sizes. The result of thls analysis was a set of general equations_ pre-

sented In the fnllowlng paragraphs_ ralating manlfold and duct pressure

drops and weights to the diameter of the compressor outlet duct and the
dimensions of the heat exchangers In the system. These equat/ons will be

added to the pressure drop computer program In such a way as to provide the

, user with two options: (1) manifold and ductlng sizes and weights can be

determined for a given pressure drop allocation to manifold and ducts 3 or

2) the pres3ure drop allocation to ducts and manifolds can be optimized
ba_d ,,nminimum system weight) in conjunction with the optimlza_lon of the

pressure ,_:Jp split among heat exchangers_ and the resultant sizes an=
weights determined.

Figure 4-40 shows the numbering system used to identify the individual
ducts and manifolds in the folIo_ing analysis. The numbers I through 4 refer

to ducts in the basic SNAP-8 system configuration_ and the numbers 5 through

a refer to corresponding manifolds. The use of a remote heat source heat

exchunger in the _dvnnced system configuration requires the addition of ducts 9

and I0 and manifolds II and 12 to the analysis.

Assumptions

The following major ass _ptions were required for the analysis:

I. All ducts are sized for constant flu;d velocity head through_,t
the ductlng system.

2. The recuperator high-pressure Inlet manifold is sized ;or
twice the flow area of the compressor outIet duct.

3. The recuperator high-pressure outlet manifold for advanced
system cases is sized for twice the flow area of the duct
connecting recuperator to heat source heal exchanger,

4. The recuperator Iow-pre_sure Inlet manifold_ waste heat
exchanger outlet manlfold_ heat source heat excha=ger
Inlet manifold (advanced system cases)_ and heat source
heat exchanger outlet manifoVd are full radius manifolds
with sizes dependent on. heat exchanger dimensions.

5. Aspect ratios of the waste heat exchanger and heat source
heat exchanger are adjusted to achieve an exact match
with the recuperator stack height dimension.

6. Pressure loss per 90-degree bend i_ 0.2 velocity head
(approximately correct for bend radius divided by duct
diameter of 1.0).

t
I

l
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7. Pressure loss per contraction from _nifold to duct is 0.05 velocity

head (approximately correct for well-rounded entrance).

8. Inlet manifold head loss coefficients are given by K = R - 0. I_
where R is the ratio of manifold to heat exchanger gas velocities.

9. Outlet manifold head loss coefficients are given by K = 1.0 - 0.167R

for R < I and by K = R - 0. I for R > I_ where R is the ratio of manl-

fold to heat exchanger velocities.

I0. All ducts and manifolds are Hastelloy X with the exception of the

advanced system heat source heat exchanger outlet manifold and
duct_ which are T-Ill.

II. Manifold and duct wall thicknesses are based on Figures A2-2 and

A2-3_ with a minimum allowable thickness of 0.032 in.

12. All ducts and manifolds are covered by 2 in. of insulation weighing
20 Ib/cu ft.

13. Duct weights are based on the f,_Iowing lengths:

Duct I 62 in.

Duct 2 35 in.

Duct 3 48 in.

Duct 4 48 in.

Duct 9 18 ft (advanced system only) _

Duct IO 18 ft (advanced system only)

14. Manifold and ducting pressure losse_ computed are listed below:

Manifold/
Duct Loss

I Two 90-deg bends and expansion into manifold

2 Contraction from manifold and two bends (< 90 deg_

0.05 velocity head per bend)

3 One 90-deg bend and expansion into manifold

4 Contracti,)n from manifold and one 90-deg bend

5 Manifold/heat exchanger turning losses
through

8
l

\
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Manifold/
Duct Loss

9 Centraction from manifold_ I8-ft friction loss_
three 90-deg bends_ and expansion into manifold

I0 18-ft friction loss and three 90-deg bends

II_ Manifold/heat exchanger turning losses
12

I

Equations

I. Duct Diameters

The duct diameters_ based on constant velocity head_ are as follows:

(a) SNAP-8 and Advanced Systems

DI = D

D2 = 1.205D

D3 = 1.333D

D4 = 1.08D

(b) Advanced System Only

D9 = 1.144D

D = 1.214D
I0

2. Pressure Drop

The vejocity head is given (see nomenclature, Table 4-6) by

38.9W2T
I

Q-

PIMD4

(a) Loss Coefficients--The manifold loss coefficients are given by the
following equations (see Figure 4-40 for numbering system).

(I) SNAP-8 and Advanced Systems

tTi)2 - 0.1_ K5 _ 0

160
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2.55h 2

R6 =

K6 = 1.0 - 0.167R6_ R6 < 1.0

K6 = R6 - 0.1_ R6 > 1.0

1.27h

' K7 - WR O. I _ K7 > 0

2.55h 2

R8 = Y--_T3

K8 = !.0 - 0.167R8_ R8 < 1.0

K8 = R8 - 0.1_ R8 > 1.0

(2) Advanced System Only

o.2_3Ia*- _ih
RII = .

O2

KII = 1.0 - 0.167RI1_ RII _; 1.0

KII = RII - 0.1_ RII > 1.0 _ ,,.,,.

2.55h 2

KI2 = _ - 0.1_ KI2 > 0

(b) Pressure Drop Equations--The pre=sure drop equations are as follows:

(I) SNAP 8 and Advanced Systems

AP I = 0.65 Q

AP2 = 0,15 (_

[0 41AP3 = .2 + (I - 3.5 2 Q

161
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&P4 = 0.25 Q

_ D2 }t 2
AP5 = 2h (L_ - L K50.

i.3 04

AP6 - x2 LTI2 K60.

7.85 D4

_P7 = 2 h2 K7 Q
WR

0.856 04

&P8 = y2 LT52" K8 Q

(2) Advanced Systems Only

IO D2 h212,2 5.2 ]
&P9 = .65 + (I - 2.62 +

x2'Er (el 0")0" ! 01"2 Q"

Io s.o.o ]QAPIo = .60 + 0.)0.1 !.2(PI D ,,.

4.25 D4

t_PII = (,C* - ,C)2 h_ KI| Q'

1.03 D4

_P12= x2 arl'2 KI2Q

(c) Total Pressure Drop--The total system pressure drop is 91yen by:

( 7_PI 1"84_API) (20 percent margin)APToTAL (percent) = 120 -_i + PI

I = Ij2_5_6
i

j = 5_43738 ; SNAP-8 system

j = 5,4_7-12; advanced system
t ,
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3. Wei.qhts •

a. SNAP-8 and Advanced Systems

PI D

WI = 57.3 Dtl, t ! = ---_-i + 0.079, t I >_.0.111

P D

W2 = 39.0 Dt2, t 2 = _+ 0.079_ t 2 >_.0.111 (SNAP-S)I "2

t 2 >_0.145 (Advanced System)

PI D

W5 = 59.1 Dr5, t 5 = k_- + 0.079, t 3 >_.0.111 i..

P! D

W4 = 47.9 Dt4, t 4 = --_--4 + 0.0792 t 4 >_.0. Ill

°
W5 = 0.924 Dht5 + 0.462 D2 t5, t 5 = k5 + 0.0793 t 5 _>0.111

x2 _TI 2 t6 PI x t, Ti

W6 = 0.462 x _TI t6 + 0.116 h2 _ t6= k6 h + 0.079,

t 6 > 0. III (SNAP-8 System) ......

t 6 >_.0.145 (Advanced System)

_ 2 PI WR
m

/ W7 = 0.462 WRht7 + 0.116 WR tT, t 7 = k7 + 0.079, t 7 > 0.111

2

t_1_3t8 PIY Y _1"3

W8 = 0.402 Y&T5t8 + 0.116 h2 ' t8 k8 h + 0.079, t 8 _>0.111

where the k's in the above equations are a function of the allo_ble stress,
pressuretduct diameter and materials, and have the following values:

' k_].l k__2 k3 k._4 k_55 k.6. k_z7 k_88

SNAP-8 65,600 15,600 78,000 116,000 52,800 18_800 104_000 126#000

Adv Sys 60_400 !.2,200 18,800 114,000 30,200 14,600 25,100 125,000
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b. Advanced Systems Onlyf

P O
I

W9 = 229.0 Dt9_ t9 = 15_40"--_+ 0.079_ t9 _ 0.III

P! D
WIO = 243.0 Dtlo_ tlO = 12_!0---"_+ 0.079_ tlO _ 0.145

P D
I

' WII = 1.06 Dhtll + 0.605 O2 tll_ tll = 7_70_ + 0.079_ 111 _ 0.111 :

2 2

W12 = 0.462 X_Tltl2 �0.116h_tl2 _ t12 - 17_600 h + 0.079_

t12 _ 0. III

c. Total Weight

total weight of the ducts and manifolds Including two Inches of 4-The

MINK-2000 Is given by: _
n

n = 8, SNAP-8 System "

WTOTAL =_ W i
n = 12_ Advanced Systemi=I
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TABLE 4-6

HXDA MANIFOLDING f,_DDUCTING NOMENCLATURE

W = gas flow rate_ Ib/sec

t = equivalent thickness of duct, in. of Hastelloy ×

, TI = compressor out!et temperature_ OR -

PI = compressor outlet pressure_ psia

M = gas molecular weight

D = compressor outlet duct diameter_ in.

h = recuperator stack helght_ in.

L_ = recuperator total length_ In.

L = recuperator core length_ in.
p

x = HSHXno-flow length_ In.

y = WHXno-flow length_ in.

LTI = HSHXtube length, in_

&_3 = WHXtube length_ in.

,Ip,._.. WR = recuperatorwldth_ in.

Q = duct velocity head, psi

165
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SYSTEMS ANALYSIS

The three HXDA heat exchangers and their associated manifolds and ducts

constitute the major fraction of the Brayton cycle power conversion system

weight and cycle pressure losses. The optimum aIIocatlon of pressure drop

among the three heat exchangers is the central objective of the systems analysls.

The optimum is defined as that combination of heat exchanger designs which

yield a minimum HXDA weight. Further optimization is necessary since the
HXDA in itself can be considered a component in the overall power system. As

a result3 the design point of the HXDA must be determined on a higher level of
!

systems analysis that would consider the TAC, radiator, heat source, etc. The

purpose of the study is to generate optimum HXDA designs over a wide range of

operating conditions to provide the data for the higher Ieve] of systems
studies.

Preliminary Systems Studies

The preliminary systems analysis involved a graphical solution. This

approach is illustrated in Figures 4-41 and 4-42 for the design conditions of

Case 8-VIII. Figure 4-41 was constructed using the heat exchanger weight vs

pressure drop data from Figures 4-16 and 4-31 for the recuperator and waste

heat exchanger, respectively. Thls figure shows the total weight of the recu-

perator plus the waste heat exchanger as a function of the sum of the pressure

drops through both of these heat exchangers for various values of the pressure

drop through the waste heat exchanger. Thus3 the lowest curve in Figure 4-41
represents the optimum (i.e., minimum weight) combination of pressure drop

allocation between the recuperator and waste heat exchanger. Figure 4-42 is

constructed in an analogous manner using (I) the tota) weight and total pressure

drop of the optimum combination of recuperator-waste heat exchanger from

Figure 4-41, and (2) the weight ond pressure drop of the HSHX from Figure 4-25.

In Figure 4-423 the total weight of the three heat exchangers is plotted vs the '
• total pressure drop through the three heat exchangers as a function of pressure

drop allocated to the waste heat exchanger-recuperator combination.

The dashed line In Figure 4-42 thus is the locus of deslgn points, yielding
minimum HXDA heat exchanger weights for a given total pressure drop allocation

to the heat exchangers. Figure 4-42 can be used to identify the particular

heat exchanger designs (i.e., weights and dimensions) and optimum pressure drop

allocations among the F_at exchangers for fixed values of total heat exchanger

pressure drop allotment. This is illustrated in Table 4-7 for the Case 8-VIII

design conditions. In this case, a total HXDA pressure loss of 6.0 percent is
allocated. A pressure drop of 1.5 percent was allocated to the Interconnecting

gas ducts and manifold, leaving 4.5 percent for the three system heat exchangers.

At a pressure drop of 4.5 percen% the total system weight (from Figure 4-42)
is 4090 Ib, and a AP/P of 0.2 percent is allocated to the HSHXI and_ consequantly_
4.3 percent Is allocated to the recuperator waste heat exchanger combination.
Figure 4-41 shows that at 4.3-percent AP/P the optimum allocation of pressure
drop between the racuperator and waste heat exchanger is 1.0 for the _ste

|

heat exchanger and 3.3 percent for the recuperator. Using these percentages_
the heat exchanger designs are identified by referring to the appropriate heat
exchanger parametric design data. The results of this type of analysis for
Case 8-VIII are presented in Table 4-7t
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TABLE 4-7
/

CASE B-VIII HEAT EXCHANGERSUHMARY

_P/P System = 6.0 percent

&P/P Heat Exchangers = 4.5 percent (I.5 percent for ducts)

!. Heat Source Heat Exchanger

&P/P 0.20 percent
I

Wei gllt 300 Ib

No. of tubes 225

Gas flow length 4.5 in.

Tube length 37 in.

No flow length 25 in.

No. of passes 4 .-

2, Waste Heat Exchanger

Ap/p !.0 percent

Weight 2070 Ib

No. of tubes 46. 500

Gas flow length 26 in,

Tube length 28 in.

No flow length 47 in.

No. of passes 8

3. Recuperator

&P/P 3.3 percent

Weight 1720 Ib

Gas flow length 21.8 In.

Stack height 43.9 in.

Width 21.9 in.

4, Total System Weight = 4090 Ib
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/ S_stem Optimization Computer Proqram

computer program was written to perform_ in a numerical manner3
essentially the same analysis that was described above as a graphical process.

The parametric data developed for each heat exchanger was reduced to tabular

form and supplied as data for the program. The computer was programmed to

systematically s,:arch £or the combination of the three heat exchangers that

yielded minimum total weight. The computer then printed out the data on the

selected heat exchangers. A complete listing of the HXDA weigh_' optimization

program is presented in Appendix A-4.

A typical output sheet from the computer program is shown in Table 4-8.
This run was for Case 8-VII_ and the results show good agreement with the

previously presented graphical optimization solution.

The duct and manifold weights and pressure drop correlations developed

(presented in a prior part of this sectionl were programmed and incorporated

into _he weight optimization program. This portion of the program computes the

duct dimensions and weight data for a prescribed allocation of duct manifold

pressure drop3 to obtain a total HXDA system weight.
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I OPTIMIZATION 0!:THE 2, DESIGN PCiNT CASES

The parametric data deve;oped for each of the three heat exchangers--

recuperator_ waste heat exchanger_ and heat source heat exchanger-- for each of

the eight prime design _:cses was used to obtain weight and sizes for the heat

exchangers required for all 24 design points. The parametric heat exchanger

data for the eight prime design cases--i.e._ the 6 percent (_P/P)ToTAL--Is
presented in the previous paragraphs of this section.

Weight and dimensional data for each of the prime system heat exchangers_

' as a function of pressure drop_ was coded and used in the HXDA weight optimiza,

tion computer program. The computer program identifies the optimum set of heat

ex::hangers (i.e._ minimum weight) and the associated allocation of gas pressure

drop. For the Task 2 studies_ a _P/P of 25 percent of tile(_P/P)ToTAL was

allocated to the s_stem ducting and gas manifolds. The correlations used to

obtain the heat exchanger sizes and weights for the 16 nonprime cases--i.e._

the (_P/P)TOTAL cf 4 and 8 percent--were as follows:

(a) Gas flow rates from Tables 4-I and 4-2

(b) Recuperator stack height and weight varied directly with gas
flow rate _

c) Waste heat exchanger and heat source :,e_t exchanger no-flow i

dimension and weight varied directiy _ith gas flow rate

The computer output summary sheets for the 24 design point cases are !
presented in Appendix A-3. Also shown in these output sheets are the weights
and sizes of the associated ducts.

Table 4-9 presents a summary of the heat exchanger designs for the 24
design conditions. The use of a split recuperator for Cases Ij IIj and III
and Cases 8-I_ 8-II3 and 8-III was based on lower overall system weights over
the normal or nonsplit recuperators for these design conditions.

The effect on total heat exchanger weight of system AP/P3 system pressure
level3 and working fluid are shown in Figures 4-43 through 4-45, The data for
the advanced systems is shown in Figure 4-43 for the high and low pressure3 low
molecular weight (Argon = 39.94) systems and the low pressure_ high molecular
weight (Krypton = 83.80) systems. The minimum wei9ht solutlonj i.e.3 that
value of total AP/P which yields minimum heat exchanger weight3 is seen to lie
between 4 and 8 percent and is a function of system pressure level. Figure 4-44
presents the same data for the comparable SNAP-8 systemsj except that only the
135-psi Argon molecular weight system optimizes in the renge of 4- to 8-percent
AF/P. The other cases appear to optimize at a lower AP/P. The data for the

SNAP-8 high recuperator effectiveness (E r = 0.950) is shown in Figure _-45 and

shows a significant effect on system weight with working fluid pressure level.
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Figure 4-45. Total Heat Exchanger Weight vs Total System

Pressure Drop (Advanced Systems)
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Figure 4-44. Total Heat Exchanger Weight vs Total System
Pressure Drop (SNAP-8 Systems)
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Figure 4-45. Total Heat Exchanger Weight vs Total System Pressure
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Layout drawings for the eight prime cases are presented o_ the following
pages. The dimensional information for all 24 cases is given on the appro-
priate -irawings.
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SECTION 5

DESIGN OF FOUR BRAYTON CYCLE HXDA'S

INTRODUCTION

This section presents the results of the Task 3 studies. Ta:k 3 is

concerned with the design and optim;zation of four Brayton cycle heat ex-

, changer and duct assemblies to the design conditions selected by NASA. Upon

reviewing the Task 2 studies reported in Section 4 of this report, and their

in-house systems level studies_ NASA selected the following systems for the
Task 3 efforts.

Case

I SNAP-8 design temperatures_ 160 kw
HXDA mechanical design e

200/105 psi (maximum high/low pressure level)

1600°F turbine inlet temperature cycle conditions
except HSHX

1500°F maximum temperature (HSHX) .
Waste heat exchanger

Plate-fin construction

Coolant: DC-2OO-(2CS)

II 1600°F turbine inlet temperature, 160 kw
e

HXDA mechanical design

200/lOS ps. (max. high/low pressure level)
1700°F maximum temperature (HSHX)

Waste heat exchanger .._.•
Plate-fin construction

Coolant: MIPB

III 2100°F turbine inlet temperature, 160 kw
HXDA mechanical design e

200/I05 psi (max. high/low pressure level)
2150°F maximum temperature (HSHX)

Waste heat exchanger
I. Plate fin/MIPB coolant

2. Tube fin/NaK coolant

IV SNAP-8 design temperatures_ 80 kw
HXDA mechanical design e

100/50 psi (max. high/low pressure level)
1300°F maximum temperature (HSHX)

Waste heat exchanger
Plate-fin

Coolant: DC-200-(ICS)

.... :.... I_OT I?_ 197
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CYCLE CONDITIONS

The design point conditions for each of the four Task 3 systems are shown

in Figures 5-I through 5-4. The Case I design point is shown in Figure 5-I.

Case I represents a SNAP-8 reactor system operating at 600 kwt and approxi-

mately 1200°F NaK outlet temperat "e. However_ to provide some growth poten-
tial and flexibility in the PCS_ the Brayton cycle equipment structural design
for this case is based on conditions more severe than SNAP-8. The HXDA was

designed for system pressures of 200 psi on the high-pressure side and 105 psi

, on the low-pressure side and temperatures corresponding to a 1600°F turbine

inlet temperature.

The design conditions for Case II are shown in Figure 5-2. This represents

a system operating at 1600°F turbine inlet temperature based on a TAC designed

at the SNAP-8 _emperature conditions and a system pressure ratio of 1.9. The

system heat _c'langers for this case are again designed structurally for a
200/105 psi t._jn and low side pressure level to build in some system growth
potential and flexibility.

The Case III design conditions_ shown in Figure 5-3_are representative
of an advanced system operating at 2100°F turbine inlet temperature. Although
Cases I_ II_ and IV utilize NaK in the secondary heat source coolant loop_ the
high temperature level of Case III favors the use of lithium in this loop.
System heat exchangers are again structurally designed for the 200/105 psi
pressure level.

The Case IV system_ shown in Figure 5-4_ represents a reduced power
version of Case I. Temperature leve]s in Case IV are identical with those in
Case I_ whereas pressure levels and flow ,'ares are exactly half of the Case I
pressures and flows. Structurally_ the Case IV equipment is designed for gas ,
pressure levels of I00 psi and 50 psi on the high- and low-pressure sides_
respectively. Whereas the Case I structural design is based on system tempera-
tures corresponding to a 1600°F turbine inlet_ the Case IV structural design
is based on actual system operating temperatures.
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COMPONENT STUDIES

Recuperators

Two different approaches to the recuperator end section design were

investigated for the Task 3 studies. The two approaches are illustr_ted _n

Figure 5-5 and involve different geometries for ducting the gases in and out

of the recuperator counterflow section. In the Task 2 studies only the

rectangular end section approach was considered.

I

I. Rectangular End Section Recuperators

Recuperator weight as a function of pressure drop for Case Ijbased on the
use of the rectangular end section design_ is shown in Figure 5-6. The data

in Figure 5-6 include the counterflow portion and the two rectangular end

sections of the recuperator. The material selected for the recuperator is

Hastelloy X. End section weights and dimensions were obtained as outlined in
the Task 2 studies.

A brief study was conducted for recuperators thermally designed for the
Case I operating conditions but structurally designed to withstand 300/200 psi

pressure levels on the high and low sides respectively and at temperatures
associated with a 1600°F turbine inlet temperature. Figure 5-7 presents the

recuperator weight data for this set of design assumptions. Comparison of the
data of Figures 5-6 and 5-7 shows that the higher design pressure level results

in about a 30-percent increase in recuperator total weight for the same pressure

drop allocation.

Figures 5-8 through 5-10 present similar weight vs pressure drop data for

rectangular recuperate ; designed for Cases II_ Ill and IV. The materials

selected for the recup,,rator for each of the cases is shown below: ,.

Case Structural Material Fins
m

I Hastelloy X Hastelloy X

II Hastelloy X Hastelloy X

III Cb-l_Zr Cb-l_Zr

IV 347 stainless steel 347 stainless steel

The recuper_tor dimensions for the reotangular end section designs are
shown in Figures 5-11 and 5-12. The data on these figures show the stack
height and counterflow core lengths as a function of tctal recuperator pressure
drop for all four design cases of Task 3, The third dim4nslon of th. recuper-
ator_ the recuperator width3 is not shown in these figures. The width is
equal to half the stack height.

203

!

r ........._.......,......it-"- ....................._,_,, ,...... _ : _ G ......

_',.--".. - "......: -_- ......_ =.''.;'_.'";_-,_ .....,I' ,_ m _ -
m

1971004562-222



1971004562-223



1000 ......
_ 0.5 I 1.5 2 2.5 3 3.5 4 4.5

TOTAL RECUPERATORFRACTIONALPRESe.,URIEDROP, PERCENT
S-59806

Figure 5-6. Task 3 Case I Recuperator Total Weight ZOO/lOS p_l
Structural Design (Rectangular End Section Des|gn)
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Figure 5-7. Task 3 Case I Rec_perator Total Weight 300/200 psi

. Structural Design (Rectangular End Section Design)
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2. Trianqular End Section Recuperator

As a means of reducing recuperator weight and pressure drop (at the
expense of simplicity in fabrication and packaging), the use of triangular end
sections for gas manifolding was investigated. Whereas it is possible to
apply two simple equations to approximate the weight and pressure drop contri-
butions from rectangular ends_ it was not possible to develop a similar set of
expressions that would predict with sufficient accuracy the weight and pressure
drop contributions from the triangular ends. Therefore a series of triangular
end sections was designed for each recuperator at different values of the

' counterflow core pressure drop. Each set of end sections was sized to obtai_

uniform gas flow distribution in the recuperator core. The triangular end

section geometry and nomenclature are given in Figure 5-13.

_he method of end section sizing to obtain uniform flow distribution is

illustrated in Figure 5-14, Based on a counterflow core sized for 0.427 percent
pressure drop_ the friction pressure losses for inlet and outlet streams at

both end sections are plotted ihdividually as a function of end section height.
The pressure losses are based on the use of plain rectangular fin sandwiches
incorporating IO fins per inch in the end sections. Uniform flow distribution

is obtained v ere the inlet and outlet end friction losses are equal. The

design point at which this occurs is shown by the circled points in Figure 5-14.

This design point is unique in Figure 5-14. Additional designs involving

uniform flow can be obtained by varying the value of the parameter RATIO at

each end of the recuperator. RATIO is the ratio of the projected width of the
low-pressure side end section p_ssage to the core width_ as illustrated in

Figure 5-13. The RATIO values of 0.65 (hot end) and 0.55 (cold end) used in

Figure 5-14 were selected because these values were found to be optimum for
the Engine B (Brayton heat exchanger unit) Brayton cycle recuperator.

Figures 5-15 and 5-10 show the end section design curves for two addi-
tional core pressure drops. Also listed on these two figures_ as well as on
Figure 5-14_ are the total end section pressure drops_ including expansion_
contraction_ and turning losses_ that occur at the selected design points,

Similar curves as the ones described above were developed for all the
Task 3 design cases. These data are presented in Figures 5-17 through 5-20
for the Case II_ III and IV design cases.

For the Case III _ase in which the recupera,or core pressure drop ic

0.29? percent (Figure 5-21), two values of the parameter RATIO were tried at
the hot end. The value of 0.60 was chosen because it results in a recuperator

that is shorter by about 5.5 in. than is obtained with a RATIO of 0.65. The

value of 0.60 was then used for the other Case III cases as well_ in conjunction ;
with a cold end RATIO of 0.55.
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II HPIN

X Y

RATIO =_ (HOT END), _ (COLD END)

(COLD END)
END SECTION HEIGHT = Hh (HOT END), Hc

Figure 5-13. Tr_-_gular End Section Geometry and Nomenclature
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Figure 5-20. Triangular End Pressure Losses for Task :5 Case II(
Recuperator, Core &P = 0.147 Percent
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3. Summary

Figure 5-27 shows total recuperator weight_ including core and triangular

ends_ as a function of total pressure drop for Case I. Shown for comparison
is the comparable weight curve for the rectangular end design. Also shown on

this figure are recuperator width and total recuperator length for the tri-

angular end design. As before_ recuperator stack height is maintained at twice

recuperator width. Similar data for Cases II_ III_ and IV are shown in

Figures 5-28 through 5-30.
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Flgure 5-27. Task 3 Case I Recuperator
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Figure 5-28. Task 3 C_sa II Recuperator
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Figure 5-29. Task 3 Case III Recuperator
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Figure 5-30. Task 3 Case IV Recuperator
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i Waste Heat Exchanger

The data for the waste heat exchanger are shown in Figures 5-31 through
5-35. The waste heat exchanger is of plate-fin construction_ with alternate

liquid passages associated with the redundant heat rejection Iooo. The liquid

makes eight passes cross-counterflow to the gas stream. The heat rejection

fluid is Dow Coming 200 (2.0CS) for Case I_ monoisopropylbiphenyl (MIPB)

for Cases II and I_I_ and Dow Corning 200 (I.OCS) for Case IV. The heat
exchanger plates are 347 stainless steel and the fins are nickel.

' A finned tubular waste heat exchanger_ using NaK78 as the heat rejection

fluid_ was designed for Case III. Results are shown in Figure 5-34. Two

separate cores in series are required to provide two independent cooling loops.

Due to the additional core plus the large wrap-up weight associated with the
tubular configuration_ the weight of this heat exchanger is considerably
greater than the weight of the plate-fin unit utilizing MIPB coolant.

I
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Figure 5-_1. Task5 CaseI WasteHeat Exchanger

- _33

1971004562-253



700
0.4 o.6 0.8 I I .2 1.4 1.6 I .8 2

GAS FRACTIONALPRESSUREDROP, PERCENT

S-60341

Figure 5-52. Task 3 Case II Waste Heat Exchanger
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Figure 5-33. Task 3 Case III Waste Heal Exchanger
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Figure 5-34. Task 3 Case III NaK Waste Heat Exchanger
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Heat Source Heat Exchanger

Parametric weight and dimensional data as a function of pressure drop
were developed fc_ the HSHX's for the four design cases of Task 3. These d_ta

are given in FigL -_s 5-36 through 5-39 for design cases I through IV respectively.

The heat source heat exchanger data for Case I are given in Figure 5-36.

This heat exchanger is of the tube-fin construction using HaTnes 25 tubes with

a copper and stainless steel sandwich fin. The structural design temperature
for this heat exchanger was taken as 1300°F. The NaK makes four pas;:s in a

' cross-counterflow configuration, and the gas makes a single pass across the
tube bank. A weight breakdown, based on the structural analysis of required
wrap-up, is shown in Table 5-2.

The heat source heat exchanger data for Case II are presented in Figure
5-37. The material selected for thls heat exchanger is Cb-I_Zr tubes as well
as fins due to the high operating temperature. A weight breakdown on this
heat exchanger is also given in Table 5-2.

For the Case III design the use of liquid lithium and th_ temperatures
involved require a refractory heat source heat exchanger design. T-Ill was
selected for the tube materials and Cb-I_Zr was the selected fin material.
The data developed for this heat exchanger are given in Figure 5-38 and a weight
breakdown is given in Table 5-2.

The materials selected for the Case IV heat source heat exchanger were the
same as for Case I, i.e., the Haynes 25 alloy tubes with a stainless steel

clad fin. The weight and dimensional variation with pressure drop is given

in Figure 5-39 and the weight breakdown in Table 5-2.
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Heat Exchanger ._tru¢tqra) Des!gn

The structural effort for Task 3 involved the selection of materials for

each of the heat exchangers in the system_ sizing of the fins to meet pres-
sure co.tainment and (in the case of the heat source heat exchanger 1 environ-
mental inputs_ and calculation of wrap-up weights (headers_ pans_ etc. 1 for
the heat source heat exchangers. The design conditions an.'selected materials,

which provide the Iightest designs, are shown in Table 5-I. Sizing of the

fins for the plate-fin recuperator and waste heat exchanger follows the analysis

described in previous sections. For the finned tubular heat source heat

' exchanger_ a stainless-clad copper disk fin is used for Cases I and IV to

obtain both high conductivity and structural strength. The fin thickness_

based on strength requirements (see Section 4 discusslon), is 0.005 in. total_

consisting of 0.003 in. copper and 0.002 in. 347 steel, The material used

for disk fins for Cases II and III is Cb-l_Zr. It wa_ determined that a fin

thickness of 0.003 in. of Cb-l%Zr is required for structural integrity for the

Case III heat source exchanger. At the lower temperature of the Case II heat

source exchanger_ a fin thickness of 0.003 in. is more than sufficient for

structural integrity.

Wrap-up weights oStained from the structural design of the heat source
heat exchanger are presented in Table 5-2.
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TABLE 5- I

DESIGN CONDITIONS_ MATERIALS

a. RECUPERATOR

Maximum Operating Pressures_ psi
Temperature_

, Case Material OF Low High

I Hastel]oy X 1200 i05 200

2 Hastel]oy X 1260 105 200

3 Co I umb i um - I Zr 1660 105 200

4 347 stee] 840 50 I00

b. WASTE HEAT EXCHANGER

Maximum Operating Pressures_ psi
Temperature_

Case Material OF Gas Liquid

I 547 steel and nickel 360 105 75

2 3_,7 steel and nickel 500 105 75

3 347 steel and nickel 680 105 75

4 347 steel and nickel 360 50 75

c. HEAT SOURCE HEAT EXCHANGER

Temperature_ °F Pressures_ psi

Case Material Inlet Outlet Gas Liquid i

" I
I Haynes 25 I 130 1500 200 80 !

2 Col umbi um -I Zr 1570 1670 200 80

3 Tantalum T-Ill 1660 2150 200 80

4 Haynes 25 I 130 1500 I O0 80
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TABLE 5-2

HEAT SOURCE HEAT EXCHANGER WEIGHT SUMMARY

Item Weightsp lb.
Fin Dimenslcn, "Tu6e_'

Thlckness_ {n_ and No-Flow Support Core
Case in, AP/P LN LF LT Llquid Daffles Headers Pans Beams

_w

I 0,005 0.05 41.1 3.7 33,0 152 30 20 II 26 238

0.1 51.2 4.8 34.1 159 22 25 20 20 246

' 0.2 26.5 5.4 28.6 127 - 23 21 19 190

0.4 21.3 6.6 27.0 118 - 27 29 19 192

0.8 17.7 7.8 23.6 I01 - 28 35 18 183

2 0.003 0.05 22.4 5.4 74.5 278 50 62 104 51 527

0.1 18.3 6.6 67.1 248 41 72 159 30 530

0.2 14.8 7.8 61.2 219 31 77 175 29 532

0.4 11.9 9.5 57.0 200 25 90 243 28 585

0.8 9.6 11.3 52.6 175 19 98 281 601

0.008 0.05 50.6 3.7 55.0 314 63 44 35 58 515

0.1 23.0 4.8 56.5 315 47 56 63 32 513

0.2 19.5 5.4 47.9 260 38 56 67 26 448

0.4 16.0 6.6 43.4 238 41 66 83 26 452

0.8 13.1 7.8 39.3 206 - 66 113 25 410

3 0.003 0.05 52.5 7.8 43.4 772 458 570 196 495 2292

0.1 41.7 9.5 39.9 696 357 415 271 249 1987

0.2 35.5 10.7 33.3 551 288 408 270 153 1670 _

0.4 27.7 13.6 32.3 533 152 472 447 I01 1705

0.8 22.4 Io.0 29.2 459 117 500 511 87 1673

0.005 0.05 59.9 6.6 37.9 773 511 317 124 734 2459

0.1 46.4 8.4 36.4 728 388 370 190 338 2014

0.2 38.8 9.5 31,0 591 209 352 210 176 1538

0.4 30.6 11.9 29.5 554 162 414 313 113 1557

0.8 24.8 14.2 27.0 491 127 454 388 85 1545

0.008 0.05 70.4 5.4 33.5 808 580 267 74 1236 2966

0.1 55.8 6.6 30.8 718 299 275 I00 514 1906

0.2 43.5 8.6 29.6 680 230 326 155 267 1636

0.4 35.3 I0.1 26.9 609 183 364 205 145 1507

0.8 26.9 11.9 24.2 390 177 414 249 103 t532

4 0.005 0.05 27.7 3.1 49.5 128 I! 30 23 14 207

0.1 22.& 3.7 45.1 113 9 32 29 II 194

0.2 18.9 4.3 38.9 96 7 34 34 II 182

O. 4 16.0 4.8 33.6 80 6 34 39 I0 169

0.8 13.7 5.4 28,1 64 - 33 41 I0 147
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DUCTING ANALYSIS

The analysis of manifold and ducting weights and pressure drops for the
Task 3 systems is similar to the analysis performed in Task 2 with only minor

modifications, The values of k I used in the weight equation are as follows:

Task 3
Cas e k I k2 k3 k4 k5 kb k7 k8

I 40_ I00 8; I I0 I 2_900 78_400 20_ I00 9_700 I 7_200 84_600/

II 36s 600 7s200 8_900 69s600 18s300 8s600 I 2sO00 75s000

III 27_000 I _760 8_660 50j 400 I 5_500 2_ I I0 I 1_600 54_ 500

IV 45,600 10_400 54_600 81_100 21_800 I 2_500 72_900 88_ I00

Since all of the heat source heat exchangers in the Task 3 cases are designed
for close coupling with the recuperator_ the ducts 9 and I0 and manifolds II
and 12 do not exist for these cases, Manifold and duct materials are all
Hastelloy X with the following exceptions: (I) the heat source heat exchanger
outlet manifold and outlet duct are T-Ill for Cases I, II_ and III; and (2) the , -

recuperator low-pressure side inlet duct and inlet manifold are T-Ill for

Case III. The selection of these materials results in the following changes

from Task 2 (SNAP-8 cases) in the minimum allowable values of ti in the weight
equations:

t2 m 0.145_ Case I_ II and III

t6 m 0.145_ Case I_ II and III

t3 m 0.145_ Case III

t7 > 0.145j Case III

The above values of ki and tI were incorporated in the system optimization
program for use in the Task 5 studies.
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SYSTEM OPTIMIZATION

Using the system optimization computer program and the heat exchange,"

parametric data generated in the previous paragraph_ the optimum HXDA pressure

drop allotment and heat exchanger and ducting sizes were determined for"each

of the four Task 3 cases. The optimization was carried out over a range of

HXDA total pressure drops for each case. Results for a 3-percent total pres-

sure loss are shown in Tables 5-3 through 5-6. The pressure losses shown for

each component in these figures are optimum values within the following restric-
tions: (1) the minimum value of ducting pressure drop considered by the program

' was 0.50 percent_ (2) the minimum va]ue of waste heat exchanger pressure drop

was 0.40 percent_ and (3) the minimum value of heat source heat exchanger

pressure drop was 0.15 percent. The duct pressure drop includes losses in all

ducts and manifolds in the systems. Individual duct and manifold weights and

pressure losses (in psi) are listed at the bottom of Figures 5-3 through 5-6

under Duct System Data. The last line giv_s the individua| duct inner diameters.

Numbering of the individual ducts_ we:ghts_ and pressure drops follows the

nomenclature of Figure 4-40. Since in al] cases the heat source heat exchanger

is coupled directly to the recuperator high-pressure outlet_ ducts 9 and I0 as
well as manifolds II and 12 do not exist for these cases.

The variation of total HXDA weight with total pressure loss is shown for

each case in Figures 5-40 through 5-43. The rectangular-end-recuperator curves

are constructed from the minimum weight points determined by the computer
program_ in which the recuperator configuration used involves rectangular end

sections for gas nmnifolding. The trianguIar-end-recuperator curves were
obtained by substitutin5 the weight of a recuperator with triangular end sec-

tions for the weight of the rectangular recuperator design at each point on

the weight curve. Although ducting and manifold configurations will be differ-

ent for a system utilizing a triangular end recuperator_ the assumption implicit
in these curves is that overal| weight and pressure loss for the ducting system

will remain approximately the same_ independent of recuperator end configuration.
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Figure 5-40. Task 3 Case I HXDAWeight
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Figure 5-42. Task _ Case III HXDA Weight
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l SUMMARY

The heat exchanger and ducting designs for each of the four cases of
Task 3 are summarized in Tables 5-7 through 5-I0. These designs are selected

for an overall HXDA pressure drop of 3 percent.

The recuperator is in all cases a pure counterflow_ plate-fin unit _,ith

triangular end sections providing fluid access to the counterflow core. The
material of construction is Hastelloy X for Cases I and II_ Cb-I_Zr for
Case III_ and 347 stainless steel for Case IV.

The heat source heat exchanger is cross-counterflow finned tubular in

all cases and has been adjusted in aspect ratio so that one of its dimensions

(either tube length or no-flow) alway_ matches the recuperator stack height

dimension. It was possible to do this with negligible weight penalty while
maintaining the liquid side pressure drop at 5 psi or less. For Cases I and

IV_ the materials of construction are Haynes 25 for the tubes and stainless

clad copper for the fins. The Case II heat source heat exchanger is constructed

entirely of Cb-I_Zr_ whereas the Case III heat source heat exchanger utilizes
T-Ill tubes and Cb-l_Zr fins.

The waste h_at exchanger is in all cases a cross-counterflow_ plate-fin
unit with two independent liquid cooling circuits in the core, In this con-
figuration_ interpass turning of the liquid is accomplished with mitered
turning fins internal to the core, The heat exchanger materials are 347
stainless steel for the plates and nickel for the fins.

Duct diameters shown in Tables 5-7 through 5-I0 are based on maintaining
a constant velocity head in the system ducting. Duct and manifold weights
include provision for 2 in. of min-K insulation weighing 20 Ib/cu ft.

The following four drawings at the end of this section show the four HXDA
systems of Task 3_ utilizing the components delineated in Tables 5-7 through
5-I0.

• I
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TABLE 5-7

TASK 3 CASE I HXDA

Recuperator

Ap 1.85 perc ,_t

Core length 22.8 in.

End section height 8.9 in. (hot end)

, 5.4 in. (cold end)

Width 21.4 i'_.

Stack height 42.6 in.

Total weight 1390 ]b

+feat Source Heat Exchanger

_P (gas) 0.15 percent

Ap (liquid) 2.5 psi

Gas flow length 5.I in.

No-flow length 42.6 in.

Tube length 18.2 in. !

Number of tubes 328 i

Number )f passes 4

Total weight 200 Ib i

Waste Heat Exchanqer
J

,,_.

_P (gas) 0.50 percent

AP (liquid) I0.0 psi i

Gas flow length 16.3 in.

No-flow length 36.2 in.

Liquid flow length 30.8 in.

Number of passes 8

Total weight 1166 Ib

Ductin 9

6P 0.50 percent

Compressor outlet duct dia 8.27 in.

HSHX outlet duct dia 9.97 in.

Turbine outlet duct dia II.03 in.

WHX outlet duct dia 8.93 in.

Weight of ducts and manifolds 619 Ib
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I TABLE 5-8

TASK 3 CASE II HXDA

Recuperator

Ap 1.85 percent

Core length 16.6 in.

End section height 6.1 in. (hot end)
, 3.8 in. (cold end)

Width 22.5 in.

Stack height 44.8 in.

Total weight 1280 ib

Heat Source Heat Exchanqer

_P (gas) 0.25 percent

_P (liquid) 1.0 psi

Gas flow length 5.8 in.

No-flow length 19.0 in.

Tube length 44.8 in. ,

Number of tubes 156

Number of passes 4 :

Total weight 445 lb

Waste Heat Exchanqer

AP (gas) 0.40 percent

_P (liquid) I0.0 psi

Gas flow length 13.3 in.

No-flow length 27.7 in.

Liquid flow length 37.5 in.

Number of passes 8

Total weight 908 lb

Ductin_

_P 0.50 percent

Compressor outlet duct dia 8.20 in.

HSHX outlet duct dia 9.88 In.

Turbine outlet duct dia 10.93 in.

WHX outlet duct dia 8.85 in.

Weight of ducts and manifolds 656 lb

i
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TABLE 5-9

TASK 3 CASE III HXDA

Recuperator

_p 1.55 percent

Core length 14.7 in.

End section height 6.0 in. (hot end)

, 2.9 in. (cold end)

Width 24.4 in.

Stack height 48.8 in.

Total weight I070 Ib

Heat Source Heat Exchanqer

_P (gas) 0.55 percent

_P (liquid) 0.04 psi

Gas flow length 13.6 in.

No-flow length 48.8 in. i

Tube length 16.0 in.

Number of tubes 904

Number of passes 4

Total weight 1553 lb

Waste Heat Exchanqer

aP (gas) 0.40 percent ....."

T AP (liquid) I0.0 psi

Gas flow length 9.8 in.

No-flow length 24.6 in.

Liquid flow length 40.7 in.

Number of passes B

Total weight 658 Ib

Ductin 9

AP 0.50 percent

Compressor outlet duct dia B.06 in.

HSHX outlet duct dia 9.72 in.

Turbine outlet duct dia I0.75 in.

WHX outlet duct dia 8.71 in.

Weight of ducts and manifolds 920 lb
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TABLE 5-10
x

TASK 3 CASE IV HXDA

Recuperator

_p 1.85 percent

Core length 21.0 in.

End section height 7.0 in. (hot end)
3.7 in. (cold end)I

Width 22.3 in.

S:ack height 44.6 in.

Total weight 870 Ib

Heat Source Heat Exchanqer

_P (gas) 0.25 percent

_P (liquid) 2.5 >_i

Gas flow length 4,,. n.

No-flow length 13.8 in.

Tube length 44.6 in.

Number of tubes 74

Number of passes 4

Total weight 176 lb

Waste Hea_ Exchanqer

_P (gas) 0.40 percent

6P (liquid) IO.O psi

Gas flow length 9.2 in.

No-flow length 28.4 in.

Liquid flow length 37.0 in.

Number of passes 8

Total weight 652 ]b

Ductln 9

_P 0.50 percent

Compressor outlet duct dia 8.34 in. ,

HSHX outlet duct dia lO.O5 in.

Turbine outlet duct dia 11.12 in.

WHX outlet duct dia 9.0l In.

Weight of ducts and manifolds 401 lb
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APPENDIX A-I

FLUID PROPEP,TY DATA

The following figures present the fluid property data used in the study.
]m The data for NaK and Ni are not given since they are well documented in the

open literature.
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Figure AI-7. Viscosity vs Tempereture for Xe-He 83.6
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Figure AI-8. Density vs Temperature for HIPB

(Monoi sopropyI-BiphenyI )

277 --_......_.+ _+ _.+ ;_ __
......... ""_ +'_I'_"+'+++P+"_ !

"I+7"1004+62-2+7



_- c_ c; c; c; ,:::;

i_.. ,-lo-8"I/fl,Lg 'J.V:_H31.-I132clS
_:_

1 '
i 278 -

g

1971004562-298







o o o o 0

d 6 6 6 o
AOI_ _H/I]lfi'AIIAIID_GNO3]VW_3HI

281 t

I
_'" ' --a- ,_'7"_,--,,,,_ "_i_ - " I

1971004562-301



2O

I0

' 6

0.8

0.6

0,4

0,2

400 500 600 700 I100 900

TEHPERATURE(OR) s.61247

Frgure AI-13. Viscosity of Oow Corning 200 FLuicrs

282

........._..-- ...... _ • . .r ---"-----_:_ I

1971004562-302



0

__ _

3o81/1"118 '.LV3H 3I'1133dS

';: 283

t

1971004562-303



APPENDIX A-2

STRUCTURAl. PROPERTY DATA

The following figures present the structural property data used in the

study.
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Figure A2-3. Tantalum Alloy T-Ill AIIo_able Stress vs
Operating Temperature for 50_000 Hr Operation
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APPE,_DIX A-3

COMPUTER OUTPUT SUMMARY

The following pagus p_esent the computer output summary sheets for the

24 design points for Task 2.
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APPENDI× A-4

WEIGHT OPTIMIZATION COMPUTER PROGRAM

The following pages present a listing of the computer program developed
to optimize Brayton cycle HXDA's given data on heat exchanger weights and
sizes as a function of pressure gas side drop.
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